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PROGRESS ON THE USE OF SURFACE-IMMOBILIZED ELASTIN-LIKE POLYMERS AS 
A STIMULI-RESPONSIVE BIOSENSOR FOR INTERLEUKIN-6 DETECTION 
By  
Marissa A. Morales  
University of New Hampshire 
Elastin-Like-Polymers (ELPs) are intrinsically disordered biopolymers with an amino acid 
structure comprised of the pentapeptide repeat sequence [VPGXG]n (V = valine, P = proline, G = 
glycine, X = guest residue, and n = total number of repeat sequences). ELPs are stimuli-responsive 
meaning below their transition temperature, ELPs are structurally disordered, highly solvated, and 
soluble in aqueous solutions. Above their transition temperature, ELPs experience coalescence and 
phase separation as intermolecular and intramolecular contacts form within the hydrophobic 
regions of the ELPs. The transition temperature of ELPs is influenced by the hydrophobic surface 
area, as well as changing solvent conditions including pH or ionic strength, creating ELPs with 
unique stimuli-response profiles.  
The stimuli-response of surface-immobilized ELPs was previously modeled as extension 
and collapse; in the extended state, the ELPs are more solvated. The collapsed state is characterized 
by increased intermolecular and intramolecular contacts within the hydrophobic regions of ELPs, 
triggered by changing environment stimuli. Therefore, we sought to use electrochemistry to 
validate the proposed stimuli-response model of surface-immobilized ELP in the development of 
XIII 
 
a stimuli-responsive biosensor for the point-of-care detection and quantification of interleukin-6 
(IL-6).  
The proposed biosensor design is comprised of streptavidin-ELP bioconjugate 
immobilized on the biosensor surface used to capture biotinylated antibodies to bind IL-6. We 
hypothesized IL-6 binding will alter the hydrophobic surface area of the ELP-streptavidin 
bioconjugate influencing the transition temperatures and stimuli-responsive properties based on 
the extent of IL-6 bound. In the development of a stimuli-responsive biosensor, a reproducible 
surface-immobilization protocol for ELPs was first optimized immobilizing ELPs on gold using 
thiol-chemistry.   
The stimuli-response of surface-immobilized I40 was characterized, exposing the ELP 
modified electrodes to varying molarities of sodium chloride. The stimuli-response model of 
surface-immobilized ELPs as extended and collapsed was validated using electrochemistry. 
Including additional characterization of stimuli-response reversibility and inclusion of 
intermediate values was observed between the maximum and minimum response indicating 
surface-immobilized ELPs undergo transient states between extension and collapse.  
Further progress on the development of a stimuli-responsive ELP biosensor was achieved 
by the bioconjugation of streptavidin to surface-immobilized ELPs. Preliminary data supports the 
current carbodiimide bioconjugation approach of hydrazide functionalized streptavidin to surface-
immobilized ELPs, however, stability of the modified electrode surface and inconsistencies in the 





Chapter 1: Elastin-like polymers are stimuli-responsive biopolymers  
Elastin-like-polymers (ELPs) are intrinsically disordered biopolymers, derived from a 
naturally occurring extracellular matrix protein elastin.1,2 Highly durable and elastic, elastin is 
found in a variety of different tissues including ligaments, blood vessels, and cartilage.3 Due to its 
elastic properties, elastin can return to its native state after stretching, contracting, or deformation.4 
Elastin is rich in hydrophobic domains, causing instability and disorderliness of the protein 
structure to ensure the structure of elastin does not remain static in a singular conformation.3,4  
Modeled after elastin, ELPs are rich in hydrophobic domains resulting in their dynamic 
structure and stimuli-responsive properties.5,6 ELPs are capable of adopting unique conformations 
and interactions dependent on their environment.7–10  The stimuli-response of ELPs is dependent on 
their transition temperature (Tt).
11,12 Below the transition temperature, ELPs are solvated and 
structurally disordered, however, above the transition temperature ELPs experience phase 
separation and coalescence.13,14 Intermolecular and intramolecular contacts form within the 
hydrophobic regions of ELPs to minimize unfavorable interactions with the environment forming 
coacervates.15,16  
1.1. Hydrophobic effect  
 
The hydrophobic effect is an entropically driven process driving the stimuli-responsive 
properties and transition temperature of ELPs. The hydrophobic effect promotes forming 
intermolecular and intramolecular interactions within the hydrophobic regions of ELPs to 
minimize the solvent accessible surface.17–19 In the presence of non-polar solutes, such as ELPs, 
hydrogen-bonding between solvent water molecules and the non-polar solute is unavailable, 
resulting in increased hydrogen-bonding between solvent water molecules, creating an ordered 




Solvent water molecules experience a decrease in rotational and translational entropy in 
the presence of non-polar solutes due to the formation of the highly ordered clathrate cage.20,21 
Contacts within the hydrophobic regions of ELPs form to minimize the solvent accessible surface 
area, decreasing ordering of solvent water molecules to restore entropy. As increased 
intermolecular and intramolecular interactions make ELPs more ordered, solvent water molecules 
become more disordered resulting in a thermodynamically favorable process.18,20,21  
When the solvent temperature is raised above the ELPs transition temperature, energy is 
provided to the solvent water molecules disrupting hydrogen-bonding and clathrate cage formation 






Figure 1.1. Below their transition temperature ELPs are solvated by water molecules in a 
highly ordered clathrate cage formation. Above their transition temperature, hydrogen-
bonding of solvent water molecules is disrupted to allow for the interactions within the 
hydrophobic regions of ELPs.   
1.1.1. Factors influencing transition temperature of ELPs  
The hydrophobic effect is typically used to describe folding of proteins into a 
thermodynamically favorable structure at ambient or physiological temperatures. For ELPs, their 
response to the hydrophobic effect is dependent on external and internal factors, capable of generating 
unique stimuli-response profiles and transition temperatures.16,17,22  
Both internal and external factors influence the transition temperature and stimuli-response 
of ELPs. Composition and molecular weight of ELPs are internal factors influencing the transition 




temperature. The solvent accessible surface area to hydrophobic or charged amino acid residues 
greatly influences the transition temperature of ELPs .23 Charged amino acids on ELPs result in 
higher transition temperatures than uncharged ELPs due to the favorable interactions between the 
charged amino acid residues and the polar solvent water molecules preventing the loss of entropy 
resulting from the ordering of solvent water molecules when hydrogen-bonding is unavailable to 
uncharged or hydrophobic amino acid residues.  
ELPs with higher hydrophobic surface areas have lower transition temperatures due to the 
increased ordering of solvent water molecules and higher entropic penalty.2,17,24 More hydrophobic 
ELPs have lower transition temperatures because less energy is required to disrupt the hydrogen-
bonds forming the clathrate cage due to the large entropic penalty from the increased ordering of 
solvent water molecules.11,21,25  
The transition temperature and stimuli-responsive properties of ELPs are also influenced 
by changing solvent conditions, such as pH or ionic strength.22,26,27 The presence of co-solutes 
changes the solvent polarity disrupting hydrogen-bonding and allowing for contacts to form 
isothermally within the hydrophobic regions of ELPs.15,28 Changes to the solvent ionic strength 
have a similar effect on transition temperature as changes to the ELPs hydrophobic surface area. 
Increasing the solvent ionic strength influences the transition temperature of ELPs, allowing for 
ELP phase separation and coalescence to be triggered isothermally.12,22  
1.2. Synthesis and design of elastin-like polymers   
Recombinant DNA methods are used for the design and synthesis of ELPs, allowing for 
precise control of the ELP amino acid sequence and chain length to produce ELPs with unique 
stimuli-responsive properties. Due to their genetically encoded design, ELPs lack polydispersity 




can easily be expressed and purified at high yields (100-200 mg/L).31,32 Additionally, ELPs are 
biocompatible, biodegradable and non-immunogenic, important characteristics of any biomaterial 
being introduced into the body.33,34  
ELPs are comprised of a repetitive motif of the non-polar amino acids [VPGXG]n 
(V=Valine, P=Proline, G=Glycine, and X=Guest Residue, and n = total number of repeat 
sequences) resulting in a structure mimicking elastin, rich in hydrophobic regions.5,6 The guest 
residue can be any naturally occurring amino acid except proline, due to the resultant steric 
interferences known to disrupt folding and stimuli-responsive properties of ELPs.35 Guest residue 
selection and molecular weight play an important role in the stimuli-response of ELPs. Inclusion 
of more hydrophobic guest resides results in ELPs with lower transition temperatures, compared 
to more hydrophilic ELPs of the same molecular weight.29,36  
The stimuli-responsive properties of ELPs can be tailored for specific applications by 
designing the ELPs sequence to include amino acids with different properties and functionalities. 
For example, the optical properties of the amino acid tyrosine facilitates production of ELPs 
capable of analysis using spectrophotometric methods.29,37 Hydrogels capable of in situ gelation 
have been produced from chemical cross-linking of ELPs rich in lysine residues for use as 
minimally invasive biomaterials and tissue engineering scaffolds.38,39 ELPs containing pH 
sensitive amino acids, such as aspartic acid and glutamic acid, have unique stimuli-responsive 
profiles caused by the acid-base equilibrium influencing the ELPs transition temperature as the 
charge of the amino acid side change alters the polarity of the polymer with changing pH.26 
Additionally, ELPs with a thiol-containing cysteine residue have been immobilized on gold 




1.3. Applications of stimuli-responsive elastin-like polymers    
  
ELPs have been utilized to generate smart biomaterials capable of undergoing nanoscale 
self-assembly or large-scale changes in size and shape with environment changes including pH, 
temperature, or ion concentration modulating the ELPs solubility and interactions.8 For example, 
ELPs have been developed for advanced drug delivery applications for targeted delivery of 
chemotherapeutics.42–45 ELPs have also been incorporated into hydrogels for applications such as 
tissue engineering, wound healing, and optically-active materials.33,46–48    
1.3.1. Fusion proteins   
ELP-fusion proteins include a binding protein to impart bioanalyte specificity to the ELP. 
When fused to another protein, ELPs maintain their stimuli-responsive properties making ELP-
fusion proteins useful in a variety of applications.11 The stimuli-responsive properties of ELP-
fusion proteins have been used in a protein purification process called inverse temperature cycling 
(ITC) to selectively purify analytes from complex media. ITC involves repetitive aggregation, 
centrifugation, and solubilization steps to recovery and separate the bound analyte from the ELP-
fusion protein.48,49 ITC is a simple, rapid, and non-chromatographic phase separation method for 
purification of recombinant proteins from complex media.49  
Ligand binding to ELP-fusion proteins influences the transition temperature by altering the 
exposed hydrophobic surface area. Binding of more hydrophobic ligands decreases the ELP-fusion 
protein transition temperature due to the increase in hydrophobic surface area by the bound ligand; 
conversely, binding of hydrophilic ligands increases the transition temperature.50,51  
ELP-fusion proteins targeting various proteins including blue fluorescent protein (BFP), 
chloramphenicol acetyl transferase (CAT), barstar, interleukin 1 receptor antagonist (IL1Ra), 




in transition temperature for all ELP-fusion proteins was observed in comparisons to free ELP. 
Both an increase and decrease in transition temperature were shown amongst the ELP-fusion 
proteins investigated.23 Changes in the transition temperature are attributed to changes in the 
solvent accessible surface area to hydrophilic or charged amino acid residues on the surface of 
ELP-fusion proteins. Exposure of charged amino acid residues including glutamic acid, aspartic 
acid, lysine, and arginine have the greatest influence to changes in transition temperature of ELP-
fusion proteins.23 
ELP-fusion proteins for tendamistat and thioredoxin have differing effects on the transition 
temperature attributed to their differing changes in exposed hydrophobic surface area.11 
Thioredoxin has a relatively hydrophilic surface compared to tendamistat which is more 
hydrophobic. An elevation in transition temperature is observed for ELP-thioredoxin fusion 
proteins while a decrease in transition temperature was observed for ELP-tendamistat fusion 
proteins. Demonstrating that the physical properties of the amino acid residues of ELP-fusion 
proteins influence the transition temperature.  
1.3.2. Targeted drug delivery  
Targeted drug delivery, especially of chemotherapeutics, is important to prevent systemic 
toxicity and minimize adverse effects to healthy tissues. Targeted drug delivery facilitates 
administration of higher chemotherapeutic doses due to the reduced risk of systemic toxicity and 
minimized damage healthy tissues to improve treatment efficacy.49,50 The stimuli-responsive 
properties of ELPs make them useful candidates for drug delivery vehicles of chemotherapeutics 





ELP-drug conjugates benefit from being soluble upon injection but experience decreased 
solubility and coacervation  locally within the tumor microenvironment with an externally applied 
heat source .43,49 ELPs can form coacervates 40-100 nm in size leading to improved accumulation 
and retention of the ELP-drug conjugate within the tumor microenvironment.51 Additionally, ELP-
drug conjugates experiences improved pharmacokinetics and decreased clearance by the 
reticuloendothelial system.43 For example, ELP-doxorubicin conjugates have demonstrated 
increased uptake and accumulation in tumor cells.49,52  
ELP micelles have been used for targeted drug delivery applications, acting as a circulating 
depot for triggered release of drugs caused by changes in temperature or pH resulting from micelle 
coalescence, agglomeration, or precipitation. ELPs are capable of forming micelles within the 10-
100 nm size range, however, due to their ability to aggregate micron-sized particles have also been 
reported.43 ELP micelles have been used to encapsulate small hydrophobic drugs within the 
micelle core for triggered released within the tumor microenvironment.43,53 
1.3.3. Hydrogels     
ELP based hydrogels are of interest due to the precise control over their amino acid 
sequence and properties of the ELPs structure by their genetically encoded design allowing for 
incorporation of specific amino acid residues for chemical cross-linking.33,54 Precise control over 
the elasticity, stiffness, and presence of reactive sites of the hydrogel are important for tissue 
engineering applications, as different types of tissue exhibit different mechanical and 
physiochemical properties. The structural differences and performance of hydrogels are directly 
related to ELPs characteristics including molecular weight, hydrophobic surface area, and amino 




large quantities of polymer are required to create functional biomaterials because ELPs express 
with high yield and purity.31  
ELP hydrogels are of particular interest due to their thermo-responsive properties capable 
of creating injectable hydrogels materials to form in situ gelation or stiffening of the hydrogel at 
physiological temperatures following injection.33 Upon chemical cross-linking, ELP hydrogels 
maintain their stimuli-responsive properties. At low temperatures, ELP hydrogels are completely 
elastic in nature.54 With increasing temperatures, ELPs contract, forming intermolecular contacts, 
releasing any encapsulated water with a 60% reduction in encapsulated water volume upon 
contract reported for ELP hydrogels.54 ELP hydrogel solutions can be mixed with cells or other 
biological factors prior to injection to incorporate biomolecules into the hydrogel upon in situ 
gelation. ELP hydrogels have been used to encapsulate chondrocyte cells to produce a 
cartilaginous matrix for in vitro repair of articular cartilage damage.56 
1.3.4. Proposed use of surface-immobilized elastin-like polymers as a stimuli-responsive 
biosensor  
Currently, the broad scope of research applications using ELPs is, in part, facilitated by the 
robust preliminary characterization of the physical properties and behavior of ELPs in 
solution.13,14,57,58 Comparatively, the stimuli-response of surface-immobilized ELPs is 
characterized differently than solution-based ELPs. In solution, ELPs are free to move within a 3D 
space, allowing for ELP coalescence to minimize interactions between the hydrophobic regions of 
ELPs and their environment. However, with ELPs tethered on a surface, the ELPs' movement is 
restricted, promoting interactions within the hydrophobic regions of adjacent polymers with the 
extreme case being that only intramolecular extension and collapse is available to each polymer 










Figure 1.2. The stimuli-response of surface-immobilized ELPs is modeled as extension 
and collapse. Above the transition temperature, in the collapsed state, ELPs experience 
increased intramolecular and intermolecular interactions compared to the extended state to 
decrease the solvent accessible surface area within the hydrophobic regions of the surface-
immobilized ELPs. 
Previous research of the stimuli-response of surface-immobilized ELPs has demonstrated 
their ability to generate dynamic surfaces by modulating surface properties through exposure to 
different environmental stimuli.59–61 In the extended state, below the ELP's transition temperature, 
the ELPs are more solvated. In the collapsed state, triggered by introducing an environmental 
stimulus, non-polar intermolecular and intramolecular contacts within ELPs are favored, resulting 
in quantifiable morphological changes on the surface. Increased intermolecular and intramolecular 
interactions within the hydrophobic regions of surface-immobilized ELPs results in the expulsion 
of water from the solvated polymer layer.59  
Dynamic ELP surfaces have shown potential in a variety of bioengineering applications, 
predominantly as biosensor or chemical sensor platforms.60,61 The capture and release of 
hydrophobic analytes has been demonstrated utilizing non-specific hydrophobic interactions 
between surface-immobilized ELPs and solvated bioanalytes.60,62 Additionally, a major benefit of 
the stimuli-responsive properties of ELP surfaces is the ability to regenerate the surface by 
modulating the ELPs extension or collapse through the environmental conditions allowing for 
sensor reuse.62 
Extended 
T < Tt 
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1.4. Proposed design of a stimuli-responsive elastin-like polymer biosensor for detection of 
interleukin-6 
We proposed to utilize the stimuli-responsive properties of surface-immobilized ELPs to 
develop a biosensor comprised of surface-immobilized streptavidin-ELP bioconjugates used to 








Figure 1.3. Proposed biosensor design includes surface-immobilized ELP-streptavidin 
bioconjugates used to capture biotinylated antibodies to impart analyte specificity to the 
ELP modified surface. 
We hypothesized that ligand binding to biotinylated antibodies captured on the biosensor 
surface by streptavidin-ELP bioconjugates will result in a change in exposed hydrophobic surface 
area and charged amino acid residues. The change in solvent accessible surface area within the 
charged and hydrophobic regions of the ELP bioconjugate will influence the transition temperature 
modulating the extension and collapse of surface-immobilized ELPs generating unique stimuli-
response profiles dependent on the amount of bound ligand. 
1.4.1. Interleukin-6 as a biomarker for dysregulation of the inflammatory response            
  
A novel stimuli-responsive ELP biosensor was proposed for point-of-care detection of 
interleukin-6 (IL-6). Detection of IL-6 in biofluids is important because elevated concentrations of 






is indicative or causative of a variety of chronic illnesses, IL-6 is a unique and valuable biomarker 
for investigation. Improved understanding in the role IL-6 plays in chronic inflammatory diseases 
can lead to improved treatment methods and patient outcomes.63,64  
The acute inflammatory response is characterized by careful regulation of the recruitment, 
activation, and apoptotic clearance of leucocyte subpopulations including neutrophils, monocytes, 
and lymphocytes.63,65 Over short periods of time the inflammatory response is beneficial, however, 
chronic inflammation develops in instances of dysregulation of the inflammatory response 
characterized by the prolonged presence of proinflammatory cytokines resulting in damage to 
surrounding healthy tissues.63,66 
IL-6 is an important biomarker for a variety of inflammation based diseases, for example, 
IL-6 is one of the most ubiquitously dysregulated cytokines in cancer, with overexpression 
reported in a variety of cancer cells lines and solid tumors.67–70 Patients with rheumatoid arthritis 
(RA) and juvenile RA have elevated concentrations of IL-6 in synovial fluids correlated to the 
extent of joint damage and disease progression, with higher concentrations of IL-6 associated with 
more advanced progression of the disease state.71 IL-6 also plays an important role in the 
physiopathology of Crohn’s disease with patients having elevated serum levels of IL-6.72,73  
Improvements in point-of-care biosensor technology for the quantification and detection 
of IL-6 can help researchers fully understand the role of IL-6 in inflammation-based diseases. 
Point-of-care analysis of IL-6 will contribute to the robust characterization of the role IL-6 plays 
within the dysregulation of the inflammatory response supporting improvements in the 




1.4.2. Current progress on the use of surface-immobilized elastin-like polymers as a stimuli-
responsive biosensor  
 
Within this work, we report on the progress of the development of a stimuli-responsive ELP 
biosensor for the detection of IL-6. Improvements in point-of-care sensing of IL-6 is important 
because abnormal concentrations of IL-6 are related to dysregulation of the inflammatory response 
and a variety of inflammation-based diseases including cancers, Crohn’s disease, and rheumatoid 
arthritis.68,69,71,72 IL-6 is unique biomarker because dysregulation of the inflammatory response 
manifests in a variety of disease states. Therefore, improved biosensor technology for detection of IL-
6 can benefit in earlier disease intervention to improve treatment outcomes for various diseases.  
Workings towards the development of a stimuli-responsive ELP biosensor for the 
detection of IL-6 we first sought to develop a reproducible surface-immobilization protocol. 
Optimization of a protocol for the surface-immobilization of ELPs was defined by 
reproducibility. Emphasis on surface modification reproducibility is important to ensure a 
consistent and reliable response in subsequent characterization steps for biosensor 
technologies.74 Achieving surface modification reproducibility is important to ensure a consistent 
response across among multiple unique biosensors to ensure the ability for point-of-care analysis 
with biosensors. 
Second, electrochemistry was used to validate the proposed model of the stimuli-response of 
surface-immobilized ELPs as extension and collapse. Previously, the stimuli-response was 
characterized using microcantilever systems, however, microcantilever systems require expensive 
instrumentation for analysis and a skilled operator, hindering point-of-care applications.59,60 
Comparatively, electrochemical analysis is considered low-cost and simple to operate including 




Preliminary progress on the capture of biotinylated antibodies for IL-6 by surface-
immobilized streptavidin-ELP bioconjugates was reported. Streptavidin was bioconjugated to 
surface-immobilized ELPs using carbodiimide chemistry. Streptavidin was chosen for 
bioconjugation to surface-immobilized ELPs because of its strong and stable interaction with 
biotin. The streptavidin-biotin interaction is considered the strongest non-covalent interaction in 
biology, stable over a wide pH and temperature range.120,121,123 Streptavidin and biotin are capable 
of rapidly forming a highly stable supramolecular complex with a dissociation constant (Kd) on 
the order of magnitude of 1 x 10-14 M.121,122  
Within this work the current progress on the development of a stimuli-response ELP 
biosensor for the detection of IL-6 is reported, including recommendations for future works to 




Chapter 2: Development of a reproducible surface-immobilization protocol for elastin-like 
polymers 
 
Surface-immobilization of elastin-like polymers (ELPs) on gold was achieved using thiol-
chemistry, one of the most frequently utilized immobilization techniques for the self-assembly of 
organic biomolecules on metal-surfaces.40,41,77 Optimization of the surface-immobilization of 
ELPs emphasized reproducibility, defined by a consistent electrochemical response across 
multiple electrode modification events. Emphasizing reproducibility in biosensor development is 
important to ensure a consistent response across multiple sensing events, enabling the production 
of multiple unique sensors to promote point-of-care use and biomarker analysis. 
The strength of the gold-sulfur (Au-S) interaction between thiols and gold surfaces 
provides the basis for the fabrication of modified surfaces with diverse applications in molecular-
scale devices and optical materials.40 Gold surfaces modified via thiol chemistry are common 
substrates for analytical techniques including surface plasmon resonance (SPR), ellipsometry, 
quartz crystal microbalance (QCM), and various scanning probe microscopies techniques.77,78 
Additionally, thiol modified gold surfaces have demonstrated stability over a wide range of applied 
potentials making them ideal substrates for electrochemical analysis.79  
Previous research of surface-immobilized ELPs has demonstrated their potential in a 
variety of bioengineering applications, especially as biosensor or chemical sensor platforms.60,61 
Previous characterization utilized microcantilever systems, requiring expensive instrumentation 
for analysis and skilled operators, hindering point-of-care applications.59,60 To promote point-of-
care use, we proposed the use of electrochemical techniques to characterize the stimuli-response 
of surface-immobilized ELPs because electrochemical analysis is considered low-cost and simple 




events, useful in the development of biosensor technology, as previously demonstrated in 
enzymatic biosensors, as well as, biosensors using carbon nanofiber substrates.80–82 
2.1 Electrochemical impedance spectroscopy  
 
Electrochemical impedance spectroscopy (EIS) was used to characterize the surface-
immobilization of ELPs on gold by measuring the impedance response following surface-
immobilization. EIS measures impedance, the total opposition to current flow, to characterize 
changes at the electrode/electrolyte interface by using a potentiostat to apply an alternating voltage 









Figure 2.1. An electrochemical cell is comprised of a three-electrode array submerged in a 
redox couple solution including a working (WE), reference (RE), and counter (CE) 
electrode used for impedance measurements. 
An electrochemical cell is comprised of a reference electrode (RE), counter electrode (CE), 
and working electrode (WE) submerged in a redox couple solution. A redox couple includes the 
oxidized and reduced form of an electrochemically active analyte, capable of undergoing a 
reversible oxidation-reduction reaction under an applied voltage potential.  
A potentiostat is used to apply a voltage potential between the working and reference 
electrode, driving the electrode potential away from equilibrium to generate a current response 




The current response of the redox couple is measured between the counter and working electrode, 
therefore, modifications to the working electrode surface influence the kinetics of the redox couple 
oxidation-reduction reaction changing the impedance response.82  
Analogous to resistance in Ohm’s law, impedance is used to relate the alternating voltage 
potential input to the current response within an electrochemical cell. Impedance encompasses 
numerous resistive processes contributing to the total opposition to current flow within an 
electrochemical cell, including kinetic and diffusive processes at the electrode/electrolyte 
interface.83 Understanding changes at the electrode/electrolyte interface is important in the study 
of protein adsorption on metal electrodes, especially for biosensor development, as protein 
adsorption will influence electron transfer rates between the electrolyte and electrode surface.84,85 
2.1.1  Redox couple  
 
An electrochemically active redox couple is used in EIS to generate the current response 
to an applied voltage potential resulting from the oxidation-reduction reaction occurring within the 
electrochemical cell. EIS is beneficial for the study of electrode modifications using non-faradaic, 
non-electrochemically active, biomolecules because the measured current signal is generated 
within the bulk solution of the electrochemical cell by the redox couple.85  
Commonly used redox couples in EIS to study charge transfer processes at the 
electrode/electrolyte interface include hexaammineruthenium(II/III) and ferri/ferrocyanide.86 
Hexaammineruthenium(II/III) is a positive redox probe with charge transfer processes dominated 
by an outer sphere reaction between the redox probe and biomolecules immobilized on the 
electrode surface via tunneling of the delocalized π electrons.86 Charge transfer kinetics using 
hexaammineruthenium(II/III) occurs via tunneling of delocalized π electrons as the dominating 




tunneling through the immobilized biomolecules, hexaammineruthenium(II/III) redox couples are 
beneficial in characterizing surfaces modified with aromatic molecules.86  
A ferri/ferrocyanide redox couple [Fe(CN)6]
-3/-4 was specifically used for this work. 
Ferri/ferrocyanide undergoes a reversible one electron transfer oxidation-reduction reaction with 
changing voltage potential (Equation 2.1).  
      𝐹𝑒(𝐶𝑁)6
−3 + 𝑒 →  𝐹𝑒(𝐶𝑁)6
−4                                                       (2.1)  
Ferri/ferrocyanide undergoes an inner sphere oxidation-reduction reaction at the surface of 
the working electrode, proceeding via the formation of a covalent linkage between the ion and 
electrode surface allowing for electron transfer.87 The ferri/ferrocyanide oxidation-reduction 
reaction is dependent on the formation of an adsorbed intermediate on the electrode surface, 
followed by oxidation of ferrocyanide [Fe(CN)6]
-4 to ferricyanide [Fe(CN)6]
-3 at more positive 
voltage potentials. At more negative voltage potentials, ferricyanide [Fe(CN)6]
-3  is reduced to 
ferrocyanide [Fe(CN)6]
-4. The kinetics of the ferri/ferrocyanide reaction is dependent on 
accessibility of the redox couple to the electrode surface, therefore, electrode modifications 
influence diffusive properties and available electrode surface area altering the kinetics of the redox 
couple exchange and subsequent current response.86 
2.1.2. Current-voltage relationship   
 
An alternating voltage potential excitation signal, 5-10 mV peak-to-peak in amplitude, is 
used in EIS to drive the electrode potential away from equilibrium to generate a current response 
due to the oxidation-reduction reaction of the redox couple.82 Other common electrochemical 
techniques use a voltage sweep or step of large magnitude to produce a transient current response. 
Comparatively, EIS benefits from the use of a smaller magnitude alternating voltage potential 




the applied voltage potential input and current response in EIS can be treated as theoretically 
linear.88 
A sinusoidal alternating voltage excitation signal is applied to the electrochemical cell over 
a frequency range of 10-4-106 Hz to measure the impedance response.82 Because the impedance 
response can be treated as theoretically linear, the sinusoidal excitation signal produces a 
sinusoidal current response at the same frequency. Measuring the impedance response over a wide 
frequency range allows EIS to distinguish between different kinetic and diffusive processes 
occurring at the electrode/electrolyte interface, since processes are stimulated at different 
frequencies.85 High frequency measurements are dominated by fast processes such as electrode 
reaction kinetics, while at lower frequencies slower diffusive processes dominate the impedance 
response.  
2.1.3. Impedance response  
 
The impedance response is frequency dependent, comprised of a magnitude and phase 
angle. Frequency dependent quantities are described using phasors, frequency dependent vectors 
graphed on a complex plane known as an Argand diagram. Phasors rotate about the origin at 
angular frequency (ω) to represent the sinusoidal function in the time domain.  
The magnitude of the phasor impedance vector is comprised of imaginary and real 
components of impedance. In EIS, the imaginary component of the impedance describes capacitive 
processes, and the real component is assigned to resistance. The use of complex notation to 
describe the impedance response allows for resistive and capacitive components to be separately 
quantified. Both vector components represent real physical components of impedance, despite the 




The phase angle (φ) describes the relationship between the voltage and current phasors, 
represented by the offset between the voltage and current sinusoid. Phase angle is used to describe 
the balance between resistive and capacitive processes contributing to the impedance response. At 
φ = 0 both the voltage and current sinusoids are in-phase, experiencing minimum, maximum and 
zero values at the same time representing purely resistive behavior. When φ = 90 the voltage and 
current sinusoids are out of phase, undergoing their minimum, maximum and zero values at 
different times representing purely capacitive behavior with intermediate values used to represent 
a mixture of resistive and capacitive effects.  
2.1.4. Equivalent circuit analysis  
 
Equivalent circuit analysis is used to model the electrochemical cell as a theoretical 
electrical circuit to use circuit analysis to quantify the different resistive components of the 
impedance response. An equivalent circuit model represents the electrochemical cell as a 
theoretical network of resistors and capacitors capable of producing the same impedance response 
under the same excitation signal of an electrochemical cell.82,89 Depending on the physical 
processes occurring at the electrode/electrolyte interface, different equivalent circuit models can 
be used to model the electrochemical cell and impedance response. For this work, a Randle’s 
equivalent circuit model was used to fit the impedance data using Gamry EChem Analyst software.  
The Randle’s circuit is comprised of resistive and capacitive components including the 
solution resistance (Rs), charge transfer resistance (Rct), Warburg impedance (W), and a constant 
phase element (CPE) to describe the combination of kinetic and diffusive processes occurring at 










Figure 2.2. The Randle's circuit is an equivalent circuit model comprised of the circuit 
components solution resistance (Rs), charge transfer resistance (Rct), Warburg impedance 
(W), and double-layer capacitance (Cdl). 
Each component of the Randle’s circuit represents different physical processes 
contributing to the overall impedance response. Solution resistance (Rs) represents the migration 
of charge through the bulk solution of the redox couple solution and charge transfer resistance (Rct) 
represents the charge transfer kinetics of the redox couple at the electrode surface. A constant 
phase element (CPE) is used to model the double-layer capacitor behavior at the electrode surface 
formed between adsorbed ions and solvated ions within the electrolyte solution. A constant phase 
element is used to model an imperfect capacitor accounting for inhomogeneities on the surface to 
improve the quality of the model fit to the experimental data.90 Warburg impedance (W) describes 
mass transfer within the electrochemical cell. At high frequencies, mass transfer occurs rapidly 
resulting in a low Warburg impedance. While, at low frequencies, the contribution of Warburg 
impedance increases as slower diffusive processes occur. 
2.1.5. Graphing impedance data  
A Bode plot or Nyquist plotted is used to graph the impedance data. On a Bode plot the 
magnitude of the impedance vector and phase angle are plotted versus frequency, showing an 
explicit dependence of the impedance data on frequency. The Bode plot is beneficial to represent 




The Nyquist plot is a complex plane representation of the impedance data, plotting 
imaginary impedance versus real impedance. Nyquist plots are frequently used to represent the 
impedance from electrochemical reactions. Based on the overall shape and characteristics of the 
impedance curve, Nyquist plots can be used to distinguish between different reaction mechanisms 
or resistive processes contributing to the impedance response. For example, the different 












Figure 2.3. Components of the Randle’s circuit correlate to different characteristics of the 
impedance arc on a Nyquist plot. 
A combination of capacitive and resistive components of the impedance response are 
represented on the Nyquist plot. Charge transfer resistance (Rct) is represented by the diameter of 
the semi-circular region of the impedance curve along the real axis. Double-layer capacitance (Cdl) 
is represented by the height of the semi-circular region along the imaginary axis. Warburg (W) 




of the impedance curve when Warburg impedance plays a significant role in the impedance 
response. 
Charge transfer resistance (Rct) is commonly used to characterize the impedance response 
for surface modifications using a ferri/ferrocyanide redox couple solution. Reaction kinetics of the 
ferri/ferrocyanide redox couple are dependent on accessibility of the redox couple to the electrode 
surface, therefore, changes in the available electrode surface area influence charge transfer 
resistance value.86    
2.2. Materials and Methods  
2.2.1. I40 polymer design and synthesis 
The ELP I40 was designed and synthesized by the Balog lab to contain an isoleucine guest 
residue and core structure consisting of 40 repeats of the pentapeptide VPGIG including a cysteine 
residue at the N-terminus to provide the thiol group for surface-immobilization (Figure 2.4). I40 
was chosen as is it is known to express at high yield (~30 mg/mL) and is easily purified.91  
 
 
Figure 2.4. Complete amino acid sequence of I40 comprised of an isoleucine guest residue 
and 40 total pentapeptide repeats [VPGIG]40 including a thiol-containing cysteine residue 
for surface-immobilization on gold. 
The I40 polymer was designed and synthesized as previously described.92 Briefly, the 
plasmid POE-W I40 was transformed into BL21(DE3) E. coli and plated on 2YT solid medium 
+ carbenicillin. Starter cultures of nutrient-rich liquid medium + carbenicillin were inoculated with 
multiple colonies and shaken at 200 rpm at T=37 °C for t = 2 - 4 hours until visible growth was 
detected. Cultures were transferred to 1 L volumes of the same media in 2 L flasks, which were 




was purified from the periplasmic fraction using inverse transition cycling.93 Purified I40 was 
lyophilized for long-term storage at T=-20 °C. The full protocol used in the expression and 
purification of I40 is available on protocols.io (https://dx.doi.org/10.17504/protocols.io.vfce3iw).   
2.2.2. Alkylation of the thiol-containing cysteine of I40 with iodoacetamide  
 
Iodoacetamide was used by the Balog lab to modify the thiol-containing cysteine residue 
of the I40 polymer to produce a second polymer, I40-Blocked. I40 and I40-Blocked have identical 
amino acid sequences, differing only in the modified cysteine residue by iodoacetamide. I40-
Blocked was synthesized by alkylation of the thiol-containing cysteine residue of I40 using 
iodoacetamide to validate the interaction of I40 with the gold electrode surface via the thiol-




Figure 2.5. Iodoacetamide reaction used for the alkylation of the thiol-containing cysteine 
residue of I40 to produce the polymer I40-Blocked. 
To produce I40-Blocked purified I40 was resuspended to a concentration of 0.2 mM in 1 
mL of sterile-filtered 6 M guanidine HCl. Dithiothreitol (DTT) was added to a concentration of 10 
mM and the solution was mixed and incubated for t = 10 min. Iodoacetamide was added to a final 
concentration of 25 mM. The solution was mixed and placed in the dark for t = 0.5 hours. The 
reaction was then quenched with an additional 20 mM DTT. Alkylated I40 was dialyzed into 
deionized (DI) water overnight at T=4°C and lyophilized. 
Verification of thiol alkylation of I40 by iodoacetamide to produce I40-Blocked was 





Ellman’s reagent, to compare the thiol concentration of each polymer as thiol groups react with 
DTNB to produce a mixed disulfide and 2-nitro-5-thiobenzoate (TNB2-) (Figure 2.6).  
 
Figure 2.6. DTNB reacts with sulfhydryl groups to form a mixed disulfide and a yellow 
reaction product TNB quantified using spectroscopy to measure the free sulfhydryl 
concentration. 
Thiols cleave the disulfide bond of DTNB to yield TNB2- in an equimolar ratio. For every 
mole of thiol present in the sample, one mole of TNB2- is produced. TNB2- is yellow in color 
quantified using Ultraviolet-Visible spectroscopy (UV-Vis) to determine the concentration of thiol 
present in the sample after reaction with DTNB. Using DTNB to validate the thiol blocking of I40 
with iodoacetamide, 300 𝜇L of a prechilled solution of 1.0 mg/mL of I40 or I40-Blocked in 10% 
DMSO was mixed with 100 𝜇L of 4 mg/mL of DTNB. The reaction proceeded on ice for t = 15 
minutes before measurement using UV-Vis over a wavelength range of 300-550 nm.  
2.2.3. Surface-immobilization of elastin-like polymers on gold 
 
Prior to modification with ELP, the gold electrode (BASi, 1.6 mm rod electrode) was 
polished with 3 µM diamond slurry followed by 1 µM diamond slurry (BASi) rinsing with 
methanol and DI water (Milli-Q D3). A final polish was done with 0.55 µM alumina slurry (BASi). 
The electrode was rinsed thoroughly (t = ~30 seconds) with DI water before immersing in a pre-
chilled polymer solution of I40 in 3.5 mM tris(2-carboxyethyl)phosphine (TCEP,  Fisher 
Scientific) pH 7.4 at T=4 ˚C. TCEP is a reducing agent used to prevent the formation of disulfide 




increased coacervation have been observed with ELPs in solution potentially leading to reduced 
thiol accessibility limiting the efficiency and reproducibility of the surface-immobilization of 
ELPs.92 The ELP modified electrode was then rinsed thoroughly with DI water and immediately 
transferred to the redox couple solution in the electrochemical cell to measure the impedance 
response.  
2.2.4. Electrochemical impedance spectroscopy  
 
Impedance was measured at the open circuit potential in a Gamry Instruments VistaShield 
Faraday cage using a Gamry Instruments 600+ Potentiostat/Galvanostat/ZRA. An electrochemical 
cell with a three-electrode array comprised of a platinum wire counter electrode, silver/silver 
chloride Ag/AgCl reference electrode, and a gold working electrode (BASi, 1.6 mm rod electrode) 
submerged in 5 mM ferri/ferrocyanide [Fe(CN)6]
3-/4 with a 0.5 M potassium chloride (KCl) 
supporting electrolyte at room temperature was used. A supporting electrolyte is a chemical 
species, non-electroactive under the desired applied voltage potential, used to increase the 
conductivity of the solution to improve kinetics of the redox couple reaction.94  
AC voltage potential of 10 mVRMS over a frequency range of 100,000 Hz to 0.05 Hz 
generated the current response needed to measure impedance, analyzed with equivalent circuit 
modeling of a Randle’s circuit using Gamry EChem Analyst software. Prior to recording the 
impedance response, high-purity nitrogen was bubbled through the redox couple solution for t = 
10 minutes to purge the system of any oxidative species. 
2.2.5. Surface characterization of I40 modified gold   
 
I40 was immobilized on gold coated silicon wafers for surface characterization using 
fourier transform infrared spectroscopy (FTIR) and atomic force microscopy (AFM). Prior to 




into a pre-chilled solution of I40 at a concentration of 0.0125 mg/mL in 3.5 mM TCEP pH 7.4 at 
T=4 ˚C for t = 0.5 hours. FTIR spectra of the I40 modified gold was obtained using a Thermo 
Nicolet iS10 FT-IR spectrometer, 64 scans were collected at a resolution of 0.4 cm-1. AFM was 
performed with an Asylum Cypher ES scanning probe microscope. Imaging was performed at 
T=25˚C using AC mode in DI water using a BudgetSensors SHR150 probe driven with blueDrive 
photothermal excitation. A scan rate of 0.70 Hz with a 5 µm x 5 µm scan size was used to produce 
1024 pixels x 1024 pixels images.  
Scanning electron microscopy (SEM) was also used to characterize surface-immobilized 
I40 after immersing oxygen plasma cleaned gold into a pre-chilled solution of I40 at a 
concentration of 0.25 mg/mL in 3.5 mM pH = 7.4 at T=4 ˚C using modification times of t = 1 hour 
and t = 2.5 hours. A Tescan Lyra3 GMU FIB SEM scanning electron microscope was used to 
image the I40 modified gold surfaces using different modification times with an in-beam Standard 
Secondary Electron (SE) detector at an accelerating voltage of 3.0 keV.  
2.3 Results and Discussion  
 
Charge transfer resistance was used to compare the impedance response of electrodes after 
surface-immobilization of ELPs, represented as the diameter of the semi-circular region of the 
impedance curve on a Nyquist plot; higher charge transfer resistance values are indicated by large 
diameters. Following surface-immobilization of I40, an increase in charge transfer resistance was 
expected compared to an unmodified gold electrode.  ELPs interact with the gold electrode surface 
via the thiol-containing cysteine residue to form an insulating layer, decreasing the charge transfer 
kinetics of the redox couple exchange. Larger charge transfer resistance values are expected to 
correlate to higher surface area coverage of the insulating layer on the electrode surface by ELPs 








Figure 2.7. Surface-immobilization of ELPs forms an insulating layer on the electrode 
surface blocking access to the ferri/ferrocyanide redox couple resulting in an increase in 
charge transfer resistance. 
2.3.1. I40 polymer characterization  
 
Following expression and purification, SDS-PAGE analysis of I40 obtained courtesy of 











Figure 2.8. Coomassie-stained SDS-PAGE analysis of purified I40 polymer. 
Verification of thiol alkylation of I40 using iodoacetamide to produce the polymer I40-
Blocked was achieved using DTNB (Figure 2.9). A decrease in absorbance is observed for the 
I40-Blocked polymer compared to I40 indicating a decrease in the number of available thiols on 
the polymer after alkylation with iodoacetamide. 















Figure 2.9. A decrease in absorbance is observed after the I40-Blocked polymer reaction 
with DTNB compared to I40 indicating a lower concentration of available thiols on the I40-
Blocked polymer compared to I40. 
2.3.2. Surface-immobilization of I40 on gold  
 
The impedance response from each electrode was shown on a Nyquist plot of the imaginary 
vs real impedance, along the impedance curve the frequencies of some impedance measurements 
are highlighted. Additionally, the charge transfer resistance values from each electrode are 
included on the Nyquist plot. The error of fit from equivalent circuit analysis of the impedance 
data with a Randle’s circuit using Gamry Echem Analyst software is reported with each charge 
transfer resistance value.  
The impedance response from an unmodified electrode was compared to the impedance 
response from electrodes (N=2) modified with I40 at a concentration of 0.05 mg/mL in 3.5 mM 


















Figure 2.10. An increase in charge transfer resistance was observed for the I40 modified 
electrodes (Rct(E1)= 41.6 kΩ & Rct(E2)= 24.2 kΩ), absent on the unmodified modified (Rct= 
83 Ω), indicating a strong but inconsistent attachment of I40 to the surface.  
The impedance response of an unmodified electrode yielded a charge transfer resistance 
value of Rct = 83 ± 3 Ω, featuring a Warburg impedance tail extending at ~45˚ at the end of the 
semi-circular region of the impedance curve at low frequencies. Indicating only mass transfer 
dominates the impedance response opposed to charge transfer kinetics, suggesting unrestricted 
access to the electrode surface for the ferri/ferrocyanide redox couple  
Comparatively, a large increase in charge transfer resistance was observed for both 
electrodes modified with I40 (Rct(E1)= 41.61 kΩ & Rct(E2)= 24.17 kΩ), indicating the formation of 
an insulating layer on the electrode surface, decreasing the available electrode surface area for the 
ferri/ferrocyanide redox couple exchange at the electrode surface.  
Variability in the charge transfer resistance values obtained following surface-
immobilization of I40 was observed (Rct(E1) = 41,610 ± 318 Ω and Rct(E2) = 24,170 ± 187 Ω). We 




hindering the interaction between the thiol-containing cysteine residue of I40 and the gold 
electrode surface. Disulfide bond formation and coalescence of ELPs in solution could be 
preventing accessibility of the thiol-containing cysteine of I40 to the gold electrode surface.92,95 
Additionally, ELPs can be captured from solution by surface-immobilized ELPs resulting in 
stacking or clustering on the electrode surface through non-specific interactions.60 Therefore, the 
increase in charge transfer resistance observed following surface-immobilization of I40 cannot be 
solely attributed to specific thiol-gold interaction, but rather non-specific interactions contribute 








Figure 2.11. We hypothesized non-specific interactions (blue polymers) interfered with the 
interaction of I40 with the gold electrode surface via the thiol-containing cysteine (red 
polymers) contributing to the variability in the charge transfer resistance values obtained 
following surface-immobilization. 
2.3.3. Removal of non-specifically bound I40 using solvents 
 
Solvents, specifically dimethyl sulfoxide (DMSO) and urea, were used to remove non-
specifically bound I40 from the electrode surface to promote reproducibility by mitigating the 
effects of non-specific interactions. DMSO was chosen as it is one of the most versatile solvents 
in biological sciences, capable of denaturing proteins at high concentrations.96 Urea is a chaotropic 
agent capable of disrupting the hydrogen-bonding network of water molecules allowing proteins 
to unfold and expose their hydrophobic core.97 Ideally, solvent treatment will remove non-





specifically bound I40 from the electrode surface by solvating and releasing any non-specifically 
bound polymer from the electrode surface, while I40 immobilized via the specific thiol-gold 
interaction remains post solvent treatment. 
The impedance response from electrodes (N=2) modified with I40 at a concentration of 
0.05 mg/mL in 3.5 mM TCEP pH = 7.4 at T=4˚C for t = 24 hours was previously reported as Rct(E1) 
= 41.61 kΩ and Rct(E2) = 24.17 kΩ in Figure 2.10. Following surface-immobilization of I40, the 
modified electrodes were transferred into DMSO, before recording the impedance response after t 
= 6 hours and t = 24 hours to evaluate the solvent removal of non-specifically bound I40.  
For Electrode 1, after I40 immobilization the initial impedance response of Rct(E1) = 41.61 
kΩ) decreased in charge transfer resistance to Rct(6 hours) = 32.08 kΩ after a t = 6 hour soak in DMSO 






















Figure 2.12. Charge transfer resistance experiences a maximum value (Rct=41.6 kΩ) 
following surface-immobilization of I40. After transferring the I40 modified electrode to 
DMSO for t = 6 hours a decrease in charge transfer resistance is observed (Rct=32.1 kΩ) 
experiencing a minimum value after t = 24 hours in DMSO (Rct=17.9 kΩ) indicting the 
removal of I40 from the electrode surface by DMSO. 
For Electrode 2, after I40 immobilization the initial impedance response of Rct(E2) = 24.17 
kΩ decreased in charge transfer resistance to Rct(6 hours) = 20.85 kΩ after a t = 6 hour soak in DMSO 






















Figure 2.13. Charge transfer resistance experiences a maximum value (Rct=24.2 kΩ) 
following surface-immobilization of I40. After transferring the I40 modified electrode to 
DMSO for t = 6 hours a decrease in charge transfer resistance is observed (Rct=20.9 kΩ) 
experiencing a minimum value after t = 24 hours in DMSO (Rct=17.8 kΩ) indicting the 
removal of I40 from the electrode surface by DMSO.  
A decrease in charge transfer resistance was observed after transferring I40 modified 
electrodes into DMSO, indicating an increase in the available electrode surface area for exchange 
of the ferri/ferrocyanide redox couple resulting from the removal of non-specifically bound I40 
from the electrode surface. After a t = 6 hour soak in DMSO, intermediate charge transfer 
resistance values are observed (Rct(E1) = 32.1 kΩ & Rct(E2) = 20.9 kΩ).  With both electrodes having 
similar charge transfer resistance values after t = 24 hours in DMSO (Rct(E1) =17.9 kΩ & Rct(E2) 
=17.8 kΩ).  
Agreement in the charge transfer resistance values observed after treating the I40 modified 
electrodes in DMSO for t = 24 hours (Rct(E1) =17.9 kΩ & Rct(E2) =17.8 kΩ), suggests that there is a 
critical charge transfer resistance value where specific interactions between the thiol-containing 
cysteine residue of I40 and the gold electrode surface dominate the impedance response. Therefore, 




I40 (Rct(E1) =41.6 kΩ & Rct(E2)= 24.2 kΩ) can then be attributed to non-specifically bound I40 on 
the electrode surface. 
Urea was explored as an alternate solvent to DMSO for the removal of non-specifically 
bound I40 from the electrode surface. Similarly, the impedance response from an electrode 
modified with I40 at a concentration of 0.05 mg/mL in 3.5 mM TCEP pH = 7.4 at T = 4˚C for t = 
1 hour was recorded, before transferring the I40 modified electrode into 6 M urea for t = 1 hour at 
room temperature. A modification time of t = 1 hour was used opposed to t = 24 to decrease the 
residence time of I40 with the electrode surface, minimizing the occurrence of non-specific 












Figure 2.14. Following surface-immobilization of I40 variability in the charge transfer 
resistance values (Rct(E1)=41.6 kΩ, Rct(E2)=24.2 kΩ, & Rct(E3)=19.9 kΩ) was observed. 
After solvent treatment with DMSO (E1&E2) or 6 M Urea I40 (E3) a decrease in charge 
transfer resistance to an average value Rct(Avg) =17.0 kΩ was observed indicating the 
removal of non-specifically bound I40 from the electrode surface.  
An initial charge transfer resistance value of Rct= 19.9 kΩ was observed following surface-




specifically bound I40. After treating the I40 modified electrode with 6 M urea a decrease in  
charge transfer resistance to Rct= 15.39 kΩ was observed. 
Following solvent treatment with either DMSO or urea, all I40 modified electrodes 
experienced a decrease in charge transfer resistance suggesting non-specific interactions are a 
potential source of  the variability in the impedance response following surface-immobilization  of 
I40. An average charge transfer resistance value of Rct(Avg) = 17.0 kΩ was observed from the I40 
modified electrodes following solvent treatment with either DMSO or urea, despite the variability 
in charge transfer resistance initially observed following surface-immobilization of I40. The 
agreement in charge transfer resistance values from I40 modified electrodes following solvent 
treatment suggests that at the average charge transfer resistance value of Rct(Avg) = 17.0 kΩ specific 
interactions dominate between the thiol-containing cysteine of I40 and the gold electrode surface.  
With the observed variability in the charge transfer resistance following surface-
immobilization of I40 at a concentration 0.05 mg/mL with modifications times of t = 24 hours or 
t = 1 hour attributed to non-specifically bound I40 influencing the impedance response, further 
optimization the surface-immobilization protocol of I40 is required.  
2.3.4. Influence of  concentration on the surface-immobilization of I40 
 
The impedance response following surface-immobilization of varying concentrations of 
I40 was investigated. Hindered accessibility of the thiol-containing cysteine to the gold electrode 
surface contributes to the variability in the impedance response caused by non-specific interaction. 
Decreasing the I40 concentration can help decrease intermolecular interactions, including 
coalescence of solvated polymers via disulfide bond formation or capture by surface-immobilized 




of I40 was compared by varying the concentration of I40 from 0.05 mg/mL - 0.00625mg/mL in 











Figure 2.15. An increasing trend of charge transfer resistance was observed with increasing 
concentrations of I40 used during surface-immobilization (Rct(0.05 mg/mL)=38.51 kΩ, Rct(0.025 
mg/mL)=29.19 kΩ, Rct(0.0125 mg/mL)=21.35 kΩ for 0.0125 mg/mL, and Rct(0.00625 mg/mL)=9.78 
kΩ). 
With increasing concentrations of I40, charge transfer resistance increased, indicating 
concentration of I40 plays an important role in the extent of I40 coverage achieved on the electrode 
surface. Surface-immobilization of I40 at concentrations of 0.05 mg/mL (Rct = 38.51 kΩ) and 
0.025 mg/mL (Rct= 29.2 kΩ) resulted in charge transfer resistance values of higher than the average 
value (Rct(Avg) = 17.0 kΩ) obtained after solvent treatment of electrodes to remove any non-
specifically bound I40. Suggesting that non-specific interactions are influencing the impedance 
response with surface-immobilization of I40 at 0.05 mg/mL and 0.025 mg/mL, even with the 
shortened modification time of t =1 hour compared to t = 24 hours.  
Surface-immobilization of I40 at a concentration of 0.00625 mg/mL resulted in a charge 




following solvent treatment of I40 modified, suggesting that at lower concentrations the 
interactions between I40 and the electrode surface are reduced. Surface-immobilization of I40 at 
concentration of 0.0125 mg/mL resulted in a charge transfer resistance value (Rct= 21.35 kΩ). The 
modification time was further decreased from t = 1 hour to t = 0.5 hours with I40 at a concentration 












Figure 2.16. Reproducible surface-immobilization was achieved using I40 at 0.0125 
mg/mL in 3.5 mM pH 7.4 at T=4˚C for t = 0.5 hours, an average charge transfer resistance 
value of Rct(Avg)=14.0 kΩ was observed. 
An average charge transfer resistance value of Rct(Avg)= 14.0 kΩ was observed after N=3 
unique modification events with 140 at a concentration of 0.0125 mg/mL in 3.5 mM TCEP pH = 
7.4 at T = 4˚C for t = 0.5 hours, demonstrating reproducibility in the surface-immobilization of 
I40. Agreement between the charge transfer resistances values (Rct(Avg)=14.0 kΩ) obtained from 
electrodes modified with I40 at concentration of 0.0125 mg/mL and after solvent treatment with 
urea (Rct=15.39 kΩ) was observed suggesting that a concentration of 0.0125 mg/mL of I40 and a 




cysteine residue of I40 and the gold electrode surface to achieve reproducibility of the surface-
immobilization of I40. Therefore, the optimized surface-immobilization protocol was concluded 
to be 0.0125 mg/mL I40 in 3.5 mM TCEP pH = 7.4 at T = 4˚C due to the agreement in charge 
transfer resistance values after surface-immobilization to solvent treated electrodes.  
Having determined the optimized surface-immobilization protocol for I40, the impedance 
response was recorded after removing the potassium chloride supporting electrolyte from the 
ferri/ferrocyanide redox couple solution. The supporting electrolyte was removed to ensure there 
was no influence on the stimuli-responsive properties of surface-immobilized I40 when the three-
electrode array was immersed in the redox couple solution. In EIS, a supporting electrolyte is used 
to increase electron transfer kinetics of the redox couple. As such, the redox couple solution was 
increased in concentration to 10 mM ferri/ferrocyanide without a supporting electrolyte compared 
to 5 mM ferri/ferrocyanide with a supporting electrolyte to ensure a quantifiable current response 
is produced by EIS.  
Surface-immobilization of I40 was achieved at a concentration of 0.0125 mg/mL in 3.5 
mM TCEP pH = 7.4 at T = 4˚C for t = 0.5 hours. The impedance response was recorded from the 
I40 modified electrodes (N=4) using the same electrochemical cell setup and EIS parameters, 
changing only the redox couple solution from 5 mM ferri/ferrocyanide with 0.5 M KCl supporting 














Figure 2.17. Following surface-immobilization of I40 at a concentration 0.0125 mg/mL in 
3.5 mM pH 7.4 at T=4 ˚C for t = 0.5 hours in a 10 mM ferri/ferrocyanide redox couple 
solution without a supporting electrolyte, reproducibility of the impedance response with 
an average charge transfer resistance value of Rct(Avg)=13.3 kΩ was achieved.  
The impedance response of surface-immobilized I40 in a ferri/ferrocyanide redox couple 
without a potassium chloride supporting electrolyte had an average charge transfer resistance value 
of Rct(Avg)=14.0 kΩ. The removal of a potassium chloride supporting electrolyte from the 
ferri/ferrocyanide redox couple solution did not have a significant impact on the charge transfer 
resistance component of the impedance response following surface-immobilization of I40. 
Comparing the impedance response obtained from I40 modified electrodes in a redox 
couple containing a supporting electrolyte (Figure 2.16) to the impedance response from electrodes 
in a  redox couple without a supporting electrotype present, the Warburg contribution to the 
impedance response has changed. Removal of the supporting electrolyte from the redox couple 
resulted in a decrease in the Warburg contribution to the impedance response due to the decrease 





2.3.5. Surface-immobilization of I40-Blocked  
 
The impedance response following surface-immobilization of I40-Blocked was used to 
validate the interaction between I40 and the gold electrodes surface via the thiol-containing 
cysteine. I40-Blocked contains a cysteine residue modified by iodoacetamide, making the thiol 
group inaccessible to the gold electrode surface. The impedance response was compared following 
surface-immobilization of I40 and I40-Blocked, using the previously discussed optimized surface-
immobilization protocol. Gold electrodes were modified using either I40 or I40-Blocked at a 


















Figure 2.18. An increase in charge transfer resistance of only ΔRct= 141 Ω was observed 
following surface immobilization of I40-Blocked, compared to the large increase in charge 
transfer resistance ΔRct= 13,261 Ω observed after surface-immobilization of I40. Validating 
surface-immobilization of I40 on gold was achieved via the specific interaction of the thiol-
containing cysteine residue.   
 
Surface-immobilization of I40-Blocked (Rct=  491 Ω) resulted in a minor increase in charge 
transfer resistance (ΔRct= 141 Ω) compared to the impedance response of an unmodified gold 




observed following surface-immobilization of I40. I40-Blocked contains a cysteine residue 
modified with iodoacetamide making the thiol no longer available to interact with the gold 
electrode during surface-immobilization. The minor change in charge transfer resistance observed 
after surface-immobilization of I40-Blocked indicates the polymer does not interact with the 
electrode surface without an available thiol present. The lack of change in charge transfer after 
surface-immobilization of I40-Blocked compared to I40 validates the increase in charge transfer 
resistance following surface-immobilization of I40 can be attributed to the specific interaction 
between the thiol-containing cysteine residues of the polymer and the gold electrode surface, 
opposed to non-specific interactions.  
The charge transfer resistance values obtained from the impedance response of unmodified, 
I40 modified, and I40-Blocked modified electrodes were compared, showing a distinctly higher 
charge transfer resistance value following surface-immobilization of I40 compared to I40-Blocked 











Figure 2.19. A large increase in charge transfer resistance is observed following surface-
immobilization of I40 compared to the impedance response from both I40-Blocked and 




2.3.6. Residual curves  
 
Residual fractional error curves were used to evaluate the quality of fit for equivalent 




















Figure 2.20. Residual fractional error curve evaluated quality of fit of equivalent circuit 
modeling using a Randle’s circuit for the impedance data of electrodes modified with I40 
or I40-Blocked and an unmodified gold electrode validating the Randle’s circuit model. 
Residual fraction error curves for electrodes modified with I40 or I40-Blocked and an 
unmodified gold electrode all showed an even distribution of residual data across the frequency 
range of the impedance measurements for both the imaginary and real components of impedance. 




equivalent circuit model for electrodes modified with I40 or I40-Blocked and unmodified gold 
electrodes.  
2.3.7. Surface characterization of I40 modified gold 
 
Surface-immobilization of I40 on gold was characterized by comparing the surface 
topography of unmodified gold surface to a gold surface modified with I40 imaged using 










Figure 2.21. AFM height images of an unmodified gold surface and gold surface modified 
with I40 imaged in water show surface features over 4.0 nm in height present on the I40 
modified surface that are absent on the unmodified gold surface. 
Surface features over 4.0 nm in height are present forming a partial blocking layer 
on the gold surface. Comparatively, the unmodified gold surface has more uniform surface 
features and lacks surface features over 4.0 nm observed on the I40 modified surface. The 
lack of significant surface features on the unmodified gold surface is consistent with the 
Warburg impedance dominant response from an unmodified electrode. The detection of 
surface features on the I40 modified gold surface, absent on the unmodified gold surface, 




surface-immobilization of I40 is caused by the presence of the polymer on the electrode 
surface forming a blocking layer.  
Scanning electron microscopy was used to image I40 modified gold, following surface-
immobilization of I40 at a concentration of 0.025 mg/mL in 3.5 mM TCEP pH 7.4 at T = 4˚C with 


















Figure 2.22. SEM of surface-immobilized I40 on gold indicating higher surface area 
coverage and larger surface features for longer modification time of t = 24 hours compared 
to t =1 hour imaged at 15X and 60X magnification.  
A longer modification time (t = 2.5 hours) resulted in higher surface area coverage by 
surface-immobilized I40 compared to at a shorter modification time (t = 1 hour), consistent with 
the trend of increasing charge transfer resistance with I40 concentration. A more densely packed 
t = 1 
hour 







and tortuous layer is observed with longer modification times, validating the hypothesis that longer 
modification times promote intermolecular and intramolecular interactions of surface-immobilized 
ELPs resulting in higher charge transfer resistance values. Additionally, the blocking layer formed 
by surface-immobilized I40 contained pinholes and defects, indicating the ferri/ferrocyanide redox 
couple can access to the gold electrode surface for the impedance measurements. 
AFM and SEM images of modified gold surfaces showed that surface-immobilization of 
I40 resulted in clusters on the gold surface opposed to uniform monolayer coverage. Interactions 
within the hydrophobic regions of ELPs potentially influence the clustering observed by AFM and 
SEM following surface-immobilization of I40. Surface-immobilized I40 can recruit solvated 
polymers via interactions within their hydrophobic regions, forming the clusters observed on the 
surface in the AFM and SEM images.  
Fourier transform infrared spectroscopy (FTIR) was used to verify the surface features 
observed by both AFM and SEM on the gold modified surface consisted of I40. Gold was modified 





















Figure 2.23. The presence of I40 on gold after surface-immobilization is validated by the 
FTIR spectra of the I40 modified gold containing multiple characteristic features absent on 
the unmodified gold spectra. 
The FTIR spectra obtained from the I40 modified gold surface contained multiple 
characteristics features absent on the unmodified gold spectra further validating the 
presence of surface immobilized I40 on the gold surfaces. Several characteristic peaks of 
the amino acid residues comprising the structure of ELPs are present on the FTIR spectra. 
Present at 3,400 cm-1 is the characteristic peak of the hydroxyl group of the C-terminus of 
ELPs. Peaks between 1,400-1,600 cm-1 are indicative of the carbon nitrogen bonding of the 
peptide bonds linking adjacent amino acid residues together. The carboxylate ion on ELPs 






2.4. Conclusions  
 
A reproducible surface-immobilization protocol for the ELP I40 was successfully 
developed and characterized using EIS. Optimized surface-immobilization parameters were 
determined to be 0.0.125 mg/mL I40 in 3.5 mM TCEP pH 7.4 at T = 4˚C for t = 0.5 hours with an 
average charge transfer resistance value of Rct(Avg)= 14 kΩ (N=4). An increase in charge transfer 
resistance after surface-immobilization of I40 indicated the formation of an insulating layer on the 
electrode surface. Non-specific interactions influenced the impedance response following surface-
immobilization of I40, removed by solvent treatment with DMSO or urea. A decrease in charge 
transfer resistance following solvent treatment indicated the removal of non-specifically bound 
I40 from the electrode surface, helping to ensure surface-immobilization reproducibility by 
minimizing the influence of non-specific interactions.   
I40 modified surfaces were analyzed using AFM and SEM, showing incomplete monolayer 
coverage achieved by surface-immobilized I40. The presence of distinct clusters on the modified 
gold surfaces potentially results from intramolecular and intermolecular interactions within the 
hydrophobic regions of I40 promoting aggregation on the surface.   
The thiol-gold interaction of I40 was validated by the lack of interaction between I40-
Blocked and the gold electrode surface, shown by the minimal change in charge transfer resistance 
following surface-immobilization of I40-Blocked. I40-Blocked contains a modified cysteine 
residue, therefore, without an available thiol I40-Blocked does not interact with the surface, 
validating the interaction between I40 and the gold electrode surface occurs via the thiol-






Chapter 3: Characterization of the stimuli-response of surface immobilized elastin-like 
polymers  
 
The stimuli-response of surface-immobilized ELPs has been modeled as extension and 
collapse. In the extended state ELPs are more solvated. While in the collapsed state, triggered by 
introducing an environmental stimulus, non-polar intermolecular and intramolecular contacts 





Figure 3.1. In the collapsed state, in a high salt environment, ELPs experience increased 
intermolecular and intramolecular interactions to decrease the solvent accessible surface 
area within the hydrophobic regions of the surface-immobilized ELPs.  
Changes in morphology of surface-immobilized ELPs due to the stimuli-response have 
been characterized as extension and collapse using microcantilever systems, however, 
microcantilever systems require expensive instrumentation for analysis and a skilled operator, 
hindering point-of-care applications.60,98 Currently potential applications of surface-immobilized 
ELPs technologies are limited due to the analytical techniques used, therefore, to promote point-
of-care use, we undertook the characterization of the stimuli-response of surface-immobilized 
ELPs using electrochemical impedance spectroscopy (EIS). 
The stimuli-response was characterized using EIS by comparing changes in the impedance 
response from the extended to collapsed state. Higher charge transfer resistance values are 
expected in the collapsed state, due to morphological changes caused by increased interactions 









immobilized ELPs decrease the available electrode surface area for ferri/ferrocyanide redox couple 
exchange.  
The stimuli-response of surface-immobilized ELPs was characterized isothermally by 
comparing the impedance response after exposure to high molarity and low molarity salt 
environments. Changes to the ionic strength of the environment of surface-immobilized ELPs 
influences the transition temperature by modulating the ELP and solvent interactions. Higher 
concentrations of charged ions in solution increase the thermodynamically unfavorable 
interactions between the non-polar regions of ELPs and their charged environment promoting 
inter-ELP interactions resulting in a decrease in the ELPs transition temperature.  
3.1. Applications of stimuli-responsive surface-immobilized elastin-like polymers  
 
Surface-immobilized ELPs can generate dynamic ‘‘smart’’ surfaces by modulating the 
surface properties through extension and collapse of surface-immobilized ELPs by exposure to 
different environmental stimuli with potential applications in a variety of bioengineering 
applications, predominantly as biosensor or chemical sensor platforms.60,61 The capture and release 
of specific analytes have been demonstrated using ELP fusion proteins as well as non-specific 
interactions with other hydrophobic analytes.60,62 A major benefit of the stimuli-responsive 
properties of ELP modified surfaces is their ability to regenerate the sensor surface by modulating 
the ELPs extension or collapse allowing for sensor reuse.62  
3.1.1. Semi-permeable membranes 
 
ELPs have been encapsulated in silica matrices to create semi-permeable membranes using 
changing solvent conditions to modulate the extension and collapse of surface-immobilized ELPs to  




flow of liquid through the membrane. Changing environment conditions (e.g. pH, ionic strength, or 
temperature) triggers ELP collapse, restoring liquid flow through the membrane.62,99 
3.1.2. Nanoparticles  
 
Interfacing stimuli-response ELPs with nanoparticles has resulted in novel functional 
nanomaterials for bioengineering applications, including optically responsive nano-assemblies for use 
in novel diagnostic and imaging applications.61,100–103  The stimuli-responsive properties of surface-
immobilized ELPs on gold nanoparticles have been used in a colorimetric assay for aqueous media 
to detect solvent temperature changes over a range of T = 10°C - 40°C causing collapse of the 
surface-immobilized ELPs via interactions within the hydrophobic regions, resulting in formation 
of large aggregates due to increased interparticle interaction.102 Nanoparticle aggregation resulted 
in a visible change in color from red to violet/blue due to the surface plasmon resonance properties 
of nanoparticles.102,104 A sensitive colorimetric assay using surface-immobilized ELP gold 
nanoparticles can later be expanded to investigate the effect of ionic strength and pH. 
Surface-immobilization of ELPs on gold-nanorods created an optically responsive material 
using near-infrared (NIR) light to stimulate a tunable photothermal response due to localized 
heating at the particle surface caused by surface plasmon resonance.104,105 Nanoparticle electrons 
exhibit plasmonic oscillations capable of converting light energy into thermal energy by the 
photothermal effect, therefore, localized heating at the nanoparticle surface occurs due to the 
conversion of energy from NIR light stimulation to thermal energy by the nanoparticle.61,104,105 
Surface-immobilization of ELPs on gold nanorods resulted in optically responsive and reversible 
nanorod aggregation caused by NIR light stimulation increasing the temperature above the ELPs 
transition temperature, resulting in ELP self-assembly and aggregation via interactions within their 




3.1.3. Stimuli-responsive surfaces  
ELP modified surfaces can mimic the physical and biochemical properties of the extracellular 
matrix to promote cell adhesion and spreading on medical devices due to the similarities between the 
structure of ELPs and elastin.106,107 ELPs can be genetically engineered to include different amino acid 
sequences including incorporation of the tripeptide sequence Arginine-Glycine-Asparagine (RGD), 
identified as the cell attachment site for numerous natural integrin ligands including adhesive 
extracellular matrix, blood, and cell surface proteins to promote cell attachment to the surface-
immobilized ELPs.108–110  
Titanium surfaces modified with ELPs containing the RGD sequence experienced improved 
adhesion and spreading of osteoblast cells compared to surfaces modified with the RGD sequence 
alone. Due to the ability of surface-immobilized ELPs to mimic the natural physical properties of 
the extracellular matrix.107,111 Additionally, surface-immobilized ELPs containing the RGD 
sequence have been used as a scaffold-free system for the development of cellular sheets for use 
in tissue engineering.33 In the collapsed state, cellular attachment occurs to surface-immobilized 
ELPs via the RGD sequence promoting growth to form a cellular sheet released by extension of 
ELPs.108,109 Utilizing the extension of surface-immobilized ELPs to release the cellular sheet 
allows for the culture and harvest of cellular sheets without any synthetic matrix or chemical 
reagents present important for tissue engineering applications.33,51  
A major obstacle in the development of high throughput assays for drug discovery, clinical 
diagnostics, and proteomics applications is the requirement of sample isolation and purification 
before detection.60,112,113 The stimuli-response of surface-immobilized ELPs has been used from 
the capture and release of biomolecules directly from complex solutions, allowing for the direct 




from solution was achieved by interactions with surface-immobilized ELPs in the collapsed state 
via their hydrophobic regions, enabling the ELP-fusion protein bound to a target biomolecule to 
be captured on the sensor surface directly from a complex mixture.60,112 Upon extension, the ELP-
fusion protein complex is released, allowing regeneration of the surface for reuse and subsequent 
biomolecule recovery for downstream analysis using mass spectrometry or other analytical 
techniques.112 
ELP-fusion proteins which selectively bind different immunoglobulins with high affinity 
were used to immobilize antibodies to a surface resulting in improved antigen-binding capacity, 
sensitivity, and stability.114 This antibody capture method by surface-immobilized ELP-fusion 
proteins was used to immobilize antibodies in a functionally active orientation.114 
3.2. Materials and Methods  
3.2.1. Electrochemical impedance spectroscopy 
Impedance response was measured using the same three-electrode array setup within the 
electrochemical cell previously defined in Chapter 2 comprised of a platinum wire counter 
electrode, Ag/AgCl reference electrode, and a modified gold working electrode submerged in a 10 
mM ferri/ferrocyanide [Fe(CN)6] 
3-/4- redox couple solution. 
3.2.2. Surface-immobilization of I40   
Prior to characterization of the stimuli-response, gold electrodes were modified using the 
previously discussed and optimized I40 surface-immobilization protocol from Chapter 2. Gold 
electrodes were polished prior to modification with I40 then transferred into a ferri/ferrocyanide 




3.2.3. Stimuli-response characterization of surface-immobilized I40  
The stimuli-response of surface-immobilized I40 was characterized by recording the 
impedance response after exposing the I40 modified electrodes to either a high salt environment 
(3.0 M NaCl) for t = 2 hours or to a no salt environment (0.0 M NaCl, DI water with no additives) 
overnight at room temperature. To ensure the molarity of the redox couple solution used to measure 
the impedance response did not significantly influence the stimuli-response, an I40 modified 
electrode was left to soak overnight at room temperature in a 10 mM ferri/ferrocyanide [Fe(CN)6]
3-
/4- redox couple solution before recording the impedance response.  
The reversibility of the stimuli-response was evaluated by exposing an I40 modified 
electrode to low and high salt environment multiple times, initially exposing the modified 
electrode to a high salt environment (3.0 M NaCl) for t = 2 hours before recording the impedance 
response and transferring the electrode to a no salt environment (0.0 M NaCl) overnight. The 
impedance response from the I40 modified electrode was recorded again, before restarting the 
cycle exposing the modified electrode to high salt and no salt environments again.  
Surface-immobilized I40 was exposed to varying molarities of sodium chloride (0.0 M 
NaCl – 3.0 M NaCl) to characterize the influence of molarity on the stimuli-response. After 
soaking in 0.0 M NaCl overnight at room temperature, the impedance response was recorded and 
the I40 modified electrode was transferred into sodium chloride solutions at concentrations of 0.5 
M NaCl, 0.75 M NaCl, 1.0 M NaCl, and 3.0 M NaCl each for two hours at room temperature 
before recording the impedance response.  
3.3. Results and Discussion  
The stimuli-response of surface-immobilized I40 was characterized isothermally in the 




high molarity salt environments to trigger extension and collapse. In the extended state the ELPs 
are more solvated. In the collapsed state, triggered by introducing an environmental stimulus, 
intermolecular and intramolecular contacts within the hydrophobic regions of ELPs are favored, 
resulting in quantifiable morphological changes on the surface.  
Compared to the extended state an increase in charge transfer resistance is expected for the 
collapsed state of I40 after exposing the modified electrode to a high molarity salt environment. 
Collapse of surface-immobilized I40 causes more complex diffusion pathways to form and 
decreases the available electrode surface area hindering access of the ferri/ferrocyanide redox 





Figure 3.2. An increase in charge transfer resistance is expected for surface-immobilized 
ELPs in the collapsed state compared to extended state caused by the increased 
intramolecular and intermolecular interactions of the surface-immobilized I40 resulting in 
the formation of more complex diffusion pathways and reduction in available electrode 
surface area hindering access of the ferri/ferrocyanide redox couple to the electrode surface. 
Using the optimized I40 surface-immobilization protocol, a gold electrode was modified 
with I40 at a concentration of 0.0125 mg/mL in 3.5 mM TCEP pH = 7.4 at T = 4˚C for t = 0.5 
hours. The impedance response following surface-immobilization was recorded, before 
transferring the I40 modified electrode to a no salt (0.0 M NaCl) and high salt (3.0 M NaCl)  


















Figure 3.3. Stimuli-response from an I40 modified electrode showing a change in charge 
transfer resistance of ΔRct=16.4 kΩ from a high salt environment (Rct(3.0 M NaCl)= 29.28 kΩ) 
compared to a low salt environment (Rct(0.0 M NaCl)= 12.9 kΩ). Consistent with the model of 
extension and collapse of the stimuli-response of surface-immobilized ELPs. 
An increase in charge transfer resistance of ΔRct=16.4 kΩ was observed after exposing an 
I40 modified electrode to a high salt environment (Rct= 29.28  kΩ) in comparison to the impedance 
response after exposure to a no salt environment (Rct= 12.94 kΩ). The increase in charge transfer 
resistance observed after exposing an I40 modified electrode to a high salt environment is 
consistent with the hypothesis that collapse of surface-immobilized I40 leads to a reduction in 
available diffusion pathways and/or electrode surface area caused by the increased intermolecular 
and intramolecular interactions of ELPs blocking access of the ferri/ferrocyanide redox couple to 
the electrode surface.  
 After exposure to a no salt environment (0.0 M NaCl), lower charge transfer resistance 
values were observed consistent with the collapsed state, characterized by decreased 
intermolecular and intramolecular interactions of surface-immobilized I40 allowing for greater 




Using the surface-immobilization protocol optimized for I40, a gold electrode was 
modified with I40-Blocked at a concentration of 0.0125 mg/mL in 3.5 mM TCEP pH = 7.4 at T = 
4˚C for t = 0.5 hours. The impedance response following surface-immobilization of I40-Blocked 
was recorded before transferring the modified electrode to a no salt (0.0 M NaCl) and high salt 











Figure 3.4. A lack of stimuli-response was observed for an I40-Blocked modified electrode 
indicated by the minor increase in charge transfer resistance of ΔRct = 55 Ω from a high 
salt environment (Rct(3.0 M NaCl)= 549 ± 9 Ω) compared to a low salt environment (Rct(0.0 M 
NaCl)= 494 ± 9 Ω). 
An increase in charge transfer resistance of ΔRct = 55 Ω was observed after exposing an 
I40-Blocked modified electrode to a high salt environment, indicating a lack of morphological 
changes at the electrode surface. The modified cysteine residue of I40-Blocked results in decreased 
interactions with the electrode surface and a lack of stimuli-response indicating that the surface-
immobilization of I40 via the thiol-containing cysteine residue is critical to generate the stimuli-




3.3.1. Influence of the redox couple on the stimuli-response of surface-immobilized I40  
 
To determine if the 10 mM ferri/ferrocyanide redox couple solution used in the 
electrochemical cell to generate the current response for impedance measurements influenced the 
stimuli-response of surface-immobilized I40, an electrode was modified with I40 at a 
concentration of 0.0125 mg/mL in 3.5 mM TCEP pH = 7.4 at T = 4˚C for t = 0.5 hours. Following 
surface-immobilization of I40, the impedance response was recorded before soaking the I40 












Figure 3.5. The charge transfer resistance values for 0.0 M NaCl (Rct= 12.94 kΩ) and 10 
mM ferri/ferrocyanide redox couple solution (Rct= 11.82 kΩ) are distinctly different from 
the 3.0 M NaCl (Rct= 29.28 kΩ) impedance response.  
After exposure to 10 mM ferri/ferrocyanide and 0.0 M NaCl, similar charge transfer 
resistance values were obtained (Rct(Ferri/ferrocyanide)= 11.82 kΩ and Rct(0.0 M NaCl)= 12.94 kΩ) 
indicating surface-immobilized I40 had a similar morphology on the electrode surface after 
exposure to ferri/ferrocyanide and 0.0 M NaCl. The lack of change in charge transfer resistance 




couple solution has a sufficiently low molarity to not influence the stimuli-response of surface-
immobilized I40 in the time required (t = ~10 minutes) to measure the impedance response. 
3.3.2. Reversibility of the stimuli-response of surface-immobilized I40  
 
The reversibility of the stimuli-response of surface-immobilized I40 was evaluated by 
exposing a modified electrode to no salt (0.0 M NaCl) or high salt (3.0 M NaCl) environments 












Figure 3.6. Reversibility of the stimuli-response of surface-immobilized I40 is indicating 
by the similar change in charge transfer resistance (ΔRct(1) = 17.25 kΩ & ΔRct(2) = 18.29 
kΩ) observed after exposing the I40 modified electrode to no salt (0.0 M NaCl) and high 
salt environments (3.0 M NaCl) multiple times.  
Reversibility of the stimuli-response was demonstrated by the respective increase and 
decrease in charge transfer resistance consistent with the proposed model of collapse and extension 



















Figure 3.7. Reversibility of the stimuli response of surface-immobilized I40 is 
demonstrated by the increase and decrease in charge transfer resistance values after 
exposure to high or low molarity salt environments.  
Additionally, the similar magnitude of change in charge transfer resistance after transition 
from the extended to collapsed state (ΔRct(1) = 17.25 kΩ), as for the reverse transition from 
collapsed to extended (ΔRct(2) = 18.29 kΩ) indicates the direction of change does not influence the 
stimuli-response. Reversibility of the stimuli-response demonstrates the potential for regeneration 
of the biosensor surface, allowing for a single I40 modified surface to be reused for multiple unique 
bioanalyte detection events, an important feature for development of low-cost technologies.115  
In the optimization process of the surface-immobilization protocol previously discussed in 




bound I40. Solvent treatment with DMSO resulted in a disruption in  the reversibility of the 














Figure 3.8. The stimuli response of surface-immobilized I40 lacks reversibility after 
treating the modified electrode surface with DMSO.  
 After treatment with DMSO, the stimuli-response of surface-immobilized I40 lacks 
reversibility demonstrated by the lack of decrease in charge transfer resistance after exposure to a 
high molarity salt (Rct(1.5 M NaCl) =26.23 kΩ) compared to a low molarity salt (Rct(0.0M NaCl) =26.7 
kΩ). Preliminary data suggests the interaction between DMSO and surface-immobilized I40 
disrupts the previously characterized stimuli-response data. One potential theory on the lack of 
reversibility in the stimuli-response of surface-immobilized I40 to DMSO is a result of the 
solubility of I40 in DMSO resulting from DMSO solvating the hydrophobic polymers. Increased 
solubility of  the surface-immobilized I40 after exposure to DMSO facilities interactions within 




3.3.3. Influence of sodium chloride molarity on the stimuli-response 
 
The stimuli-response of surface-immobilized I40 was further characterized by exposing an 
electrode modified with I40 at a concentration of 0.0125 mg/mL in 3.5 mM TCEP pH = 7.4 at T 
= 4˚C for t = 0.5 hours to varying molarities of sodium chloride (0.0 NaCl M – 3.0 M NaCl) 













Figure 3.9. A minimum charge transfer resistance value was observed at 0.0 M NaCl (Rct= 
13.96 kΩ) consistent with the extended state. Over 0.75 M NaCl (Rct= 29.19 kΩ) charge 
transfer resistance no longer increased for 1.0 M NaCl (Rct= 29.97 kΩ) or 3.0 M NaCl (Rct= 
29.3 kΩ) indicating the morphology of the collapsed state of surface-immobilized I40 is no 
longer changing. At 0.5 M NaCl (Rct= 22.61 kΩ) an intermediate charge transfer resistance 
value was observed indicating the stimuli-response includes intermediate states between 
extension and collapse. 
After exposure to 0.0 M NaCl , the lowest charge transfer resistance value was observed 
(Rct(0.0 M NaCl)= 13.96 kΩ), consistent with the hypothesis that the extended state of surface-
immobilized ELPs dominates at low salt concentrations, characterized by decreased intermolecular 




of sodium chloride, an increase in charge transfer resistance at 0.5 M NaCl (Rct(0.05 M NaCl)= 22.61 
kΩ) was observed with a saturation in the impedance response after sodium chloride molarities 
greater than 0.75 M NaCl.  
Agreement in the charge transfer resistance values for 0.75 M NaCl (Rct(0.75 M NaCl)= 29.61 
kΩ), 1.0 M NaCl (Rct(1.0  M NaCl)= 29,970 ± 222 Ω), and 3.0 M NaCl (Rct(3.0  M NaCl)= 29.3 kΩ) 
indicates the morphology of the surface-immobilized I40 in the collapsed state is no longer 
changing. Additionally, the 0.5 M NaCl charge transfer resistance value (Rct(0.05 M NaCl)= 22.61 kΩ) 
falls between the charge transfer resistance maxima observed over 0.75 M NaCl and minima 
observed for 0.0 M NaCl (Rct(0.0 M NaCl)= 13.96 kΩ), providing evidence of intermediate stimuli-
states existing between the extended and collapsed state of surface-immobilized I40.  
The presence of intermediate stimuli-response states was further verified by characterizing 
the stimuli-response with varying molarities of sodium chloride (0.0 M NaCl – 1.0 M NaCl) after 
a second unique I40 modification event with I40 at a concentration of 0.0125 mg/mL in 3.5 mM 















Figure 3.10. A minimum charge transfer resistance value was observed at 0.0 M NaCl 
(Rct= 19.36 kΩ) consistent with the extended state. Over 0.75 M NaCl (Rct= 27.21 kΩ) an 
increase in charge transfer resistance was not observed for 1.0 M NaCl (Rct= 27.17 kΩ) 
indicating the morphology of the collapsed state of surface-immobilized I40 is no longer 
changing. At 0.5 M NaCl (Rct=22.39 kΩ) an intermediate charge transfer resistance value 
was observed indicating the stimuli-response of surface-immobilized I40 includes 
intermediate states between extension and collapse. 
After exposing a duplicate I40 modified electrode to varying concentrations of sodium 
chloride, a similar trend in charge transfer resistance was observed. The lowest charge transfer 
resistance value was observed after exposure to 0.0 M NaCl (Rct= 19.36 kΩ) and over 0.75 M 
NaCl a saturation in the impedance response was observed, indicated by the agreement in the 
charge transfer resistance values observed after exposure to 0.75 M NaCl (Rct= 27.21 kΩ) and 1.0 
M NaCl (Rct= 27.17 kΩ). Additionally, an intermediate charge transfer resistance value was 
observed at 0.5 M NaCl (Rct= 22.39 kΩ).  
3.4. Conclusions  
Within this work the model of the stimuli-response of surface-immobilized ELPs as 
extension and collapse was validated using EIS to compare the impedance response after exposing 




resistance were observed for I40 modified electrodes after exposure to no salt versus high salt 
environments, suggestive of significant, dynamic changes in the morphology of surface-
immobilized I40 dependent on sodium chloride molarity. Additionally, the stimuli-response of 
surface-immobilized I40 was demonstrated as reversible, with the respective increase or decrease 
in charge transfer resistance observed after exposing the I40 modified electrode to either a high or 
low salt environment.  
Intermediate stimuli-states between the maxima and minima of collapse and extension 
were observed after exposing surface-immobilized I40 to sodium chloride over a concentration 
range of 0.0 M NaCl – 3.0 M NaCl. Charge transfer resistance increased with increasing sodium 
chloride concentration, experiencing an intermediate value (0.05 M NaCl) before saturation in the 
response (>0.75 M NaCl).  
The trend in charge transfer resistance observed with increasing molarity of sodium 
chloride supports the hypothesis that surface-immobilization of I40 constrains the polymer’s 
ability to form intermolecular contacts within the hydrophobic regions of the polymer in response 
to increased sodium chloride molarity. Before reaching a maximum charge transfer resistance 
value, intermediate values were observed, indicating surface-immobilized ELPs undergo 
intermediate stimuli-states between extension and collapse dependent on sodium chloride 
molarity. We hypothesize that the constraint from surface-immobilization will increase the 
dynamic range and tunability of a stimuli-responsive ELP biosensor response, resulting from 
restricted movement on the surface promoting the formation of intramolecular contacts of surface-





Chapter 4: Bioconjugation of streptavidin to surface-immobilized elastin-like polymers  
 
Further progress on the development of a stimuli-responsive elastin-like polymer (ELP) 
biosensor was achieved by the bioconjugation of streptavidin to surface-immobilized I40 using 
carbodiimide chemistry, specifically 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). 
Streptavidin was used to capture biotinylated antibodies on the modified electrode surface for 







Figure 4.1. Streptavidin was bioconjugated to surface-immobilized I40 using carbodiimide 
bioconjugation chemistry to capture of biotinylated antibodies on the modified electrode 
surface via the strong and stable streptavidin-biotin interaction for the detection of 
interleukin-6. 
Streptavidin was chosen for bioconjugation to surface-immobilized I40 to capture 
biotinylated antibodies to impart specificity for IL-6 to surface-immobilized I40.114 Streptavidin 
was chosen for bioconjugation to surface-immobilized ELPs because of its strong and stable 
interaction with biotin. Streptavidin was bioconjugated to surface-immobilized I40 to serve as an 
intermediate for the capture of biotinylated antibodies for IL-6.  
We sought to design a stimuli-responsive biosensor for the point-of-care detection of IL-6 
by correlating changes to the stimuli-response profile to the extent of IL-6 bound to the biosensor 







by correlating changes in the stimuli-response profile of surface-immobilized I40 to the extent of 
IL-6 bound.  
Ligand binding influences the transition temperature of ELP-fusion proteins due to the 
changes in exposed hydrophobic surface area upon ligand binding.11 Binding of more hydrophobic 
ligands decreases the ELP-fusion protein transition temperature due to the increase in hydrophobic 
surface area. Conversely, binding of hydrophilic ligands increases the transition temperature. 
Therefore, we propose IL-6 binding to stimuli-responsive I40 via the streptavidin-biotin mediated 
antibody complex will create unique stimuli-response profiles dependent on the extent of bound 
IL-6. 
4.1. Bioconjugation of hydrazide functionalized streptavidin 
 
The bioconjugation of streptavidin to surface-immobilized I40 was achieved using 
hydrazide functionalized streptavidin to form a hydrazone bond between surface-immobilized I40 
and streptavidin mediated by carbodiimide chemistry. Carbodiimide chemistry, specifically EDC, 
was used to activate the carboxylic acid containing C-terminus of surface-immobilized I40 to 
bioconjugate streptavidin to the modified electrode surface.  
Carbodiimides (RN=C=NR') are unsaturated compounds with an allene structure used as a 
coupling method via carboxylic acid group of biomolecules. EDC is one of the most frequently 
used carbodiimides for bioconjugation used for crosslinking peptides and proteins, 
macromolecular immobilization, and in numerous protein analysis methods. EDC reacts with 
carboxylic acid groups to form an activated ester leaving group O-acylisourea intermediate which 
is easily displaced by nucleophilic attack. Streptavidin modified to contain hydrazide groups was 
used to interact with the O-acylisourea intermediate formed on surface-immobilized I40 




4.2. Applications of streptavidin-biotin binding systems   
 
Streptavidin was chosen for bioconjugation to surface-immobilized I40 because of its 
strong and stable interaction with biotin. Streptavidin is a tetrameric protein with a molecular 
weight of 60 kDa and an isoelectric point (pI) of 5-6 containing four binding sites for biotin.116 
Streptavidin and biotin are capable of rapidly forming a highly stable supramolecular complex 
with a dissociation constant (Kd) on the order of magnitude of 1 x 10
-14 M.117,118 The streptavidin-
biotin interaction is considered the strongest non-covalent interaction in biology, stable over a wide 
pH and temperature range.116,117,119 The interaction between streptavidin and biotin has been 
extensively used in the development of biotechnologies including protein microarrays, 
immunological assay, and bioseparation devices.116,117,120  
4.2.1. Immunoassays  
 
The streptavidin-biotin interaction is often used in enzyme linked immunosorbent assays 
(ELISA), commonly used for detecting and identifying biomolecules using antibody probes 
immobilized on the assay plate. Biomolecule detection is achieved using primary antibodies or 
secondary antibodies labeled for detection using colorimetric, fluorescence, or chemiluminescence 
methods.121 Additionally, western blot analysis is a widely used method for detection of specific 
proteins. Typically, biotinylated antibodies are used to capture horseradish peroxidase 
functionalized streptavidin on the membrane to produce a visible color change via a colorimetric 
reaction between peroxidase and a chromogenic substrate.122 The strong interaction between 
streptavidin and biotin is advantageous in western blotting due to the requirement of extensive and 







Covalent immobilization of biomolecules on surfaces via bioconjugation chemistry is 
fundamental interest in the development of biosensors for point-of-care applications.124–126A 
variety of different biosensor designs and applications have been developed utilizing the 
interaction of streptavidin with different biotinylated molecules.127–130 Since each streptavidin 
contains four binding sites for biotin, biosensor sensitivity typically benefits from using the 
streptavidin-biotin interaction to capture biotinylated molecules on the biosensor surface in high 
density.131 Protein mediated adsorption can improve orientation of biomolecules on the biosensor 
surface promoting sensitivity and selectivity.131 Depending on the orientation on the biosensor 
surface, steric hindrances can lead to inaccessibility of binding sites or denaturing of the antibody 
resulting in a decrease in bioanalyte binding capacity. Streptavidin mediated capture of 
biotinylated antibodies has demonstrated a 10-fold improvement in biosensor sensitivity compared 
to randomly oriented antibodies.131 
Electrochemical sensors utilizing conducting electroactive polymers, such as polypyrrole 
(PPy) have been of increasing interest due to the relatively simple and compact equipment 
required. The high electrical conductivity, redox properties, stability, and ease of synthesis make 
PPy useful in biosensor applications.132–134 Immobilization of biomolecules in PPy films has been 
used to detect interfacial changes at the electrode surface. The antigen-antibody complex is known 
to form a blocking layer on the electrode surface effectively changing the electroactivity of the 
film.130,135 Streptavidin was immobilized within the PPy film to bind with biotinylated antibodies 
to amplify the antigen-antibody complex since streptavidin has four binding sites for biotin 




streptavidin to increase number of antibodies encapsulated within the PPy film led to a significant 
increase in biosensor sensitivity.130  
Impedimetric biosensors have been developed using a streptavidin functionalized surface 
to capture biotinylated bacteriophages for bacterial detection. Improvements in bacterial detection 
is of increasing importance for public health concerns, especially for detection of bacteria in water 
supplies, food production, and hospital settings.129 Bacteriophages are viruses that recognize and 
bind with specific receptors on the bacteria surface. Compared to non-biotinylated wild type 
bacteriophages which depend on simple non-oriented physisorption for surface-immobilization, a 
fifteen times higher capture efficiency was demonstrated using biotinylated bacteriophages 
showing the streptavidin-biotin mediated interaction improves the bacteriophages attachment to 
the surface and subsequent bacterial detection.129,136  
4.3. Materials and Methods  
 
Within this chapter are preliminary data regarding the bioconjugation of streptavidin to 
surface-immobilized I40. As such the experimental protocols are not finalized, still requiring 
further optimization and validation. A more detailed description of the parameters used for each 
experiment and resultant effect on the system is included within the results and discussion.  
4.3.1. Electrochemical impedance spectroscopy  
 
Impedance response was measured using the same three-electrode array setup within an 
electrochemical cell previously defined in Chapter 2 comprised of a platinum wire counter 
electrode, Ag/AgCl reference electrode, and a modified gold working electrode submerged in a 10 
mM ferri/ferrocyanide [Fe(CN)6] 





4.3.2. Cyclic voltammetry  
 
Cyclic voltammetry (CV) was performed at the open circuit potential in a Gamry 
Instruments VistaShield Faraday cage with a Gamry Instruments 600+ 
Potentiostat/Galvanostat/ZRA using a three-electrode array submerged in 0.5 M potassium 
hydroxide (KOH) comprised of a platinum wire counter electrode, silver/silver chloride Ag/AgCl 
reference electrode, and a gold working electrode (BASi, 1.6 mm rod electrode) modified with 
I40). High-purity nitrogen was first bubbled through the 0.5 M KOH solution for t = 10 minutes 
to purge the system of any oxidative species prior to scanning the potential within a voltage 
potential window of -1.4 V to -0.5 V at a scan rate of 100 mV/s with a 2 mV step size.   
4.3.3. Surface-immobilization of I40  
 
Prior to characterization of the stimuli-response, gold electrodes were modified using the 
previously discussed and optimized I40 surface-immobilization protocol from Chapter 2. Gold 
electrodes were polished prior to modification with I40 then transferred into a ferri/ferrocyanide 
redox couple solution to measure the impedance prior to stimuli-response characterization. 
4.3.4. Carbodiimide reaction with surface-immobilized I40   
 
 Following surface-immobilization of I40, EDC was used to activate the carboxylic acid 
group at the C-terminus of I40 by immersing the modified electrode in 50 mM EDC in 0.1 M 2-
(N-morpholino)ethanesulfonic acid (MES) pH 6.0 T=4˚C t = 1 hour. EDC activation creates a 
positively charged O-acylisourea intermediate with an activated ester leaving group used to 
bioconjugate streptavidin to surface-immobilized I40. Activation of the carboxylic acid containing 
C-terminus of surface-immobilized I40 using EDC was first characterized and optimized 




4.3.5. Bioconjugation of streptavidin to surface-immobilized I40   
 
Following activation of the carboxylic acid containing C-terminus of surface-immobilized 
I40 using EDC, the bioconjugation of hydrazide functionalized streptavidin (streptavidin-Hz) was 
characterized. Streptavidin-Hz was reconstituted using sterile-filtered DI water at a concentration 
of 2.2 mg/mL in 0.01 M sodium phosphate with 0.15 M sodium chloride pH 7.2 at T=4˚C. 
Bioconjugation of streptavidin-Hz was achieved by immersing the modified electrode into a 
sample comprised of reconstituted streptavidin-Hz and EDC in 0.1 M MES buffer pH 6.0 at 
T=4˚C. Due to the preliminary nature of the reported works, detailed concentrations of 
streptavidin-Hz and EDC are included within the results and discussion, as well as the reaction 
time for each bioconjugation step.  
Bioconjugation of streptavidin to surface-immobilized I40 occurs in a one step process, 
combining streptavidin-Hz and EDC in an MES buffer to allow for the simultaneous activation of 
the carboxylic acid containing C-terminus of surface-immobilized I40 to form O-acylisourea and 
in situ hydrazone bond formation to streptavidin. In the development and optimization of a 
protocol for the bioconjugation of streptavidin-Hz to surface-immobilized I40, the process was 
first explored in two-steps, separately characterizing the impedance response associated with 
activation of the carboxylic acid containing C-terminus of surface-immobilized I40 using EDC 
and then the subsequent bioconjugation of streptavidin-Hz.  
4.4. Results and Discussion  
 
Included within this section are the preliminary results regarding the current progress on 
the bioconjugation of streptavidin-Hz to surface-immobilized I40, as well as recommendations for 




The optimized surface-immobilization protocol for I40 was first used to modify gold 
electrodes before bioconjugation of streptavidin-Hz, mediated by carbodiimide activation of the 
carboxylic acid containing C-terminus of surface-immobilized I40 prior to hydrazone bond 
formation. The impedance response following activation of the C-terminus of surface-immobilized 
I40 with EDC was first investigated and characterized before bioconjugation of streptavidin. An 
increase in charge transfer resistance is expected following bioconjugation of streptavidin-Hz to 
surface-immobilized I40 due to the increased steric hindrance caused by streptavidin further 
blocking accessibility of the ferri/ferrocyanide redox couple to the electrode surface. 
4.4.1. EDC activation of carboxylic acid containing C-terminus of I40 
 
To ensure that EDC could activate the carboxylic acid containing C-terminus of surface-
immobilized I40 for the bioconjugation of streptavidin-Hz, the impedance response was recorded 
after reacting the I40 modified electrode with EDC. Using the optimized I40 surface-
immobilization protocol, gold electrodes were first modified with I40 at a concentration of 0.0125 
mg/mL in 3.5 mM TCEP pH = 7.4 at T = 4˚C for t = 0.5 hours. The impedance response following 
surface-immobilization of I40 was recorded before transferring the modified electrode into 0.5 M 




Figure 4.2. After reacting surface-immobilized I40 with EDC a decrease in charge transfer 
resistance (ΔRct(E1)=9.24 kΩ & ΔRct(E2)=7.55 kΩ) was observed. Caused by the positively 
charged O-acylisourea intermediate making diffusion of the negatively charged 
ferri/ferrocyanide ion easier, improving kinetics of the oxidation-reduction reaction at the 
electrode surface.  
A decrease in the initial charge transfer resistance values observed following surface-
immobilization of I40 occurred after reacting the modified electrode with EDC. Initial charge 
transfer resistance values of Rct= 10.91 kΩ and Rct= 8.92 kΩ were observed after surface-
immobilization of I40 on two separate gold electrodes. After reacting the surface-immobilized I40 
with EDC a decrease in charge transfer resistance was observed to Rct= 1.67 kΩ and Rct= 1.37 kΩ, 
respectively for each electrode.  
A decrease in charge transfer resistance is indicative of an increase in the reaction kinetics 
rate of the ferri/ferrocyanide oxidation-reduction reaction occurring at the electrode surface. 
Modification to the electrode surface can influence the ferri/ferrocyanide reaction kinetics with 
changes to the available electrode surface area, however, changes in the diffusive properties of the 




ferri/ferrocyanide. We propose that the observed decrease in charge transfer resistance after 
reacting surface-immobilized I40 with EDC can be attributed to the formation of a positively 
charged O-acylisourea intermediate making the electrode surface less resistive to the negatively 
charged ferri/ferrocyanide redox couple.  
The EDC reaction with surface-immobilized I40 converts the normally negatively charged 
carboxylic acid group to a positively charged O-acylisourea intermediate. Due to the change in 
electrostatic attraction, the positively charged O-acylisourea intermediate promotes transfer of the 
negatively charged ferri/ferrocyanide redox couple to the electrode surface increasing the current 
response.137 The electrode surface experiences increased diffusion of the redox couple as a result 
of the electrostatic interactions between the negatively charged ferri/ferrocyanide ion and the 
positively charged O-acylisourea improving the reaction kinetics of the ferri/ferrocyanide 
exchange at the electrode surface. EDC activation of surface-immobilized I40 forms a positively 
charged O-acylisourea intermediate making the electrode surface less resistive and more 
permeable to the negatively charged ferri/ferrocyanide redox couple as shown by the decrease in 
charge transfer resistance observed. 
4.4.2. EDC reaction time  
   
The activation of the carboxylic acid containing C-terminus of surface-immobilized I40 
with EDC and formation of O-acylisourea was further investigated by comparing the impedance 
response after reacting surface-immobilized I40 with 0.5 M EDC for t= 0.5 hours and t = 1 hour. 
Using the optimized I40 surface-immobilization protocol, gold electrodes were first modified with 
I40 at a concentration of 0.0125 mg/mL in 3.5 mM TCEP pH = 7.4 at T = 4˚C for t = 0.5 hours. 




the modified electrode into 0.5 M EDC in 0.1 M MES pH 6.0 T=4˚C for t = 0.5 hours to compare 









Figure 4.3. The impedance response with an EDC reaction time of t = 0.5 hours (Rct=6.93 
kΩ & Rct=9.98 kΩ) had higher variability and larger charge transfer resistance values 
compared to a reaction time of t = 1 hour (Rct=1.67 kΩ & Rct=1.37 kΩ), potentially 
indicative of the incomplete inactivation of the C-terminus of surface-immobilized I40 and 
formation of O-acylisourea with shorter EDC reaction times.  
 
The higher charge transfer resistance values observed for EDC reaction times of t = 0.5 
hour (Rct= 6.93 and Rct= 9.98 kΩ) compared to t = 1 hour (Rct= 1.67 and Rct= 1.37 kΩ) could be 
indicative of incomplete activation and formation of the positively charged O-acylisourea. 
Incomplete activation of the carboxylic acid containing C-terminus of surface-immobilized I40 
with shorter reaction times could result in a surface containing positively and negatively terminated 
molecules, altering the electrostatics of the electrode surface to a lesser extent as observed with 
longer reaction times. Higher charge transfer resistance values could represent incomplete 




to the increased presence of negatively charged carboxylic acid groups remaining unreacted by 
EDC.  
4.4.3. EDC concentration  
 
The impedance response was compared after reacting surface-immobilized I40 with EDC 
at a concentration of 0.5 M EDC and 0.05 M EDC to evaluate the influence of EDC concentration 
on the activation of the carboxylic acid containing C-terminus of I40. Using the optimized I40 
surface-immobilization protocol, gold electrodes were first modified with I40 at a concentration 
of 0.0125 mg/mL in 3.5 mM TCEP pH = 7.4 at T = 4˚C for t = 0.5 hours. The impedance response 
was recorded before transferring the modified electrode into either 0.5 M EDC or 0.05 M EDC in 









Figure 4.4. A similar decrease in charge transfer resistance is observed after reacting 
surface-immobilized I40 with 0.5 M EDC (ΔRct= 13.13 kΩ) and 0.05 M EDC (ΔRct= 14.4 
kΩ), suggesting both concentrations of EDC are capable of the same extent of activation of 
the carboxylic acid C-terminus to form an O-acylisourea intermediate.  
EDC activation of the carboxylic acid containing C-terminus of surface-immobilized I40 




EDC (Rct= 1.3 kΩ). After reacting surface-immobilized I40 with EDC the decrease in charge 
transfer resistance can be attributed to the formation of a positive O-acylisourea intermediate 
changing the resistive properties of the modified electrode surface and charge transfer kinetics of 
ferri/ferrocyanide. The agreement in charge transfer resistance values obtained after reacting 
surface-immobilized I40 with 0.5 M EDC and 0.05 M EDC suggests the surfaces experience 
similar electrostatic changes due to the equivalent extent of activation of the I40 modified surface 
via the formation of O-acylisourea intermediate.  
FTIR spectra of surface-immobilized I40 after activation with 0.5 M EDC and 0.05 M EDC 
was obtained using a Thermo Nicolet iS10 FT-IR spectrometer, 64 scans were collected at a 






























Figure 4.5. After reaction with EDC a decrease in the hydroxyl (-OH) is reduced potentially 
indicative of EDC reacting with the carboxylic acid C-terminus of I40 to form O-
acylisourea.  
Compared to the 0.1 M MES control, the FTIR spectra obtained after activation with EDC 
at concentrations of 0.5 M EDC and 0.05 M EDC in MES do not contain many distinct peaks. An 
MES control was used to ensure the buffer was not interacting with surface-immobilized I40 by 
reacting the I40 modified surface in 0.1 M MES with no EDC present.  
Compared to the control, after activation with EDC at both 0.5 M EDC and 0.05 M EDC a 
reduction in the peak between 3,000-4,000 cm-1 is observed, potentially attributed to the hydroxyl 
group of the carboxylic acid containing C-terminus of I40. A reduction in the hydroxyl signal 
peaks could be indicative of the successful activation of the carboxylic acid terminus of I40, as 




functional groups present, different configurations of nitrogen or hydrogen bonded to carbon, 
verification of EDC activation with surface-immobilized I40 using FTIR is difficult. We believe 
the reduction in the hydroxyl peak signal is most clearly indicative of the successful EDC 
activation of surface-immobilized I40 due to its absence on the O-acylisourea intermediate formed 
and easily distinguishable signal on FTIR spectra.   
The lack of many distinct peaks on the FTIR spectra obtained after activation with 0.5 M 
EDC indicates EDC could be destabilizing the thiol-gold interaction resulting in the removal of 
surface-immobilized I40. Additionally, as previously reported by AFM and SEM, complete 
monolayer coverage is not achieved by surface-immobilization of I40, therefore, the lack of 
distinct peaks could result from the FTIR spectra being obtained from a bare spot on the surface. 
As such, in the future, scans from different locations on the I40 modified gold surface should be 
taken to ensure an accurate representation of the surface is captured.  
4.4.4. Quantification of thiolated molecules on gold using cyclic voltammetry  
 
 A decrease in charge transfer resistance was observed after reacting surface-immobilized 
I40 with EDC. The change in the impedance response could either be attributed to the formation 
of the positively charged intermediate o-acylisourea making the modified surface less resistive or 
the removal of I40 from the electrode surface. To ensure that the decrease in charge transfer 
resistance after reacting surface-immobilized I40 with EDC was not caused by the removal of I40, 
cyclic voltammetry (CV) was used to quantify the number of thiolated molecules present on the 




CV measurements change the voltage potential of the working electrode linearly with time 
while the current response is measured. CV traces of the voltage potential plotted against the 
current response are useful in the study of the electrochemical properties of an analyte in solution 
or of molecules immobilized on the electrode surface. CV has previously been used to quantify 
the number of  thiol-terminated molecules on gold electrodes by electrochemically decoupling the 
thiolated molecules from the electrode surface. The changing voltage potential of CV results in the 
reduction of thiol bonds on the electrode surface, decoupling of the thiolated molecules causing a 
peak in the current response from the reduction of the thiol bond. The magnitude of the peak in 
the current response is proportional to the number of reduced thiol bonds and total number of 
thiolated molecules present on the surface prior to electrochemical decoupling.   
The amount of I40 on the electrode surface after the EDC reaction was quantified using 
CV to ensure EDC chemistry did not remove of I40 from the electrode surface.  After activation 
with EDC, previously reported in Figure 4.3, CV was used to electrochemically decouple thiolated 












Figure 4.6. Compared to unmodified gold the I40 modified gold electrodes treated with 
EDC have a common current peak at -0.6 V indicating an equivalent number of thiolated 
molecules present on the electrode surface despite the differences in charge transfer 
resistance values obtained after the EDC reaction.  
 The electrochemical decoupling of thiolated I40 from the gold electrode surface 
produced a peak current at -0.6 V, present for I40 modified electrodes treated with EDC for t = 1 
hour and t = 0.5 hours but absent on the CV response for the unmodified gold electrode. The 
differences in CV response at -0.6 V for the I40 modified electrodes treated with EDC compared 
to unmodified gold, indicates a consistent amount of I40 was present on the electrode surface prior 
to electrochemical decoupling. The additional peaks observed at -0.9 V and -1.1 V signals had 
greater variability in response across the multiple unique electrodes 
 Multiple scans of a voltammogram obtained from an I40 modified electrode following 
surface-activation using EDC was compared to further verify the current peak at -0.6 V represents 
















Figure 4.7. Reduction in the current peak at -0.6 V is observed after multiple voltage scans 
indicating the removal of thiolated molecules from the gold electrode surface. 
 After multiple voltage scans, the magnitude in the current peak at -0.6 V is reduced. A 
reduction in the current peak indicates that after the initial voltage sweep there are no thiolated 
molecules present on the electrode surface to produce a current peak when electrochemically 
decoupled with CV. A second, smaller in magnitude, current peak, was observed between -1 V 
and -0.8 V, potentially indicative of the electrochemical decoupling of thiols indicated by the 
reduction in current peak magnitude observed with multiple voltage sweeps. The low magnitude 
of the current peak at -0.8 V makes it difficult to draw any significant conclusions when comparing 
data due to the current signal to noise ratio. Decreasing the scan rate used in CV can help improve 
the clarity of lower magnitude peaks by decreasing background measurement noise.    
4.4.5. Impedance response following electrochemical decoupling of surface-immobilized I40 
following EDC activation of surface 
 
 To verify electrochemical decoupling resulted in the removal of I40 from the electrode 




optimized surface-immobilization protocol of I40, was reacted with 0.5 M EDC in 0.1 M MES pH 
6.0 at T=4C for t = 2 hours. After activation with EDC, CV was used for electrochemical 













Figure 4.8. After reacting surface-immobilized I40 with EDC an initial decrease in charge 
transfer resistance was observed (ΔRct(1)=8.23 kΩ). Following, electrochemical decoupling 
of the thiolated I40 from the gold electrode surface using CV, charge transfer resistance 
further decreased (ΔRct(2)=3.02 kΩ) validating the removal of I40 from the electrode 
surface.  
Following electrochemical decoupling of thiolated I40 from the gold electrode surface, the 
lowest charge transfer resistance value was observed (Rct= 1.95 kΩ) compared to the impedance 
response following electrode modification (Rct= 13.2 kΩ) or after carboxylic acid activation with 
EDC (Rct= 4.97 kΩ) indicating the successful removal of I40 from the electrode surface using CV.   
4.4.6. Influence of EDC chemistry on the stimuli-response of surface-immobilized I40  
 
To ensure the EDC activation of the carboxylic acid containing C-terminus of surface-




recorded after exposing an I40 modified electrode to low and high molarity salt environments 










Figure 4.9. After activation with EDC, surface-immobilized I40 remained stimuli-
responsive demonstrated by the increase in charge transfer resistance (ΔRct= 810 Ω) 
observed after exposure to a high salt (Rct = 1.96 kΩ - 3.0 M NaCl) environment compared 
to a no salt environment (0.0 M NaCl - Rct= 1.15 kΩ). 
After exposure of an I40 modified electrode activated with EDC to a no salt environment, 
a charge transfer resistance value of Rct= 1.15 kΩ was observed. An increase in charge transfer 
resistance was observed (ΔRct= 810 Ω) after transferring the modified electrode into a high salt 
environment (Rct= 1.96 kΩ - 3.0 M NaCl), consistent with the stimuli-response model of extension 
and collapse of surface-immobilized I40, previously discussed. After returning the modified 
electrode to a low salt environment, the charge transfer resistance value (Rct= 1.14 kΩ) decreased 
to near agreement with the initial value (Rct= 1.15 kΩ) demonstrating that after EDC activation of 





The included data demonstrates a promising trend supporting the utilization of the stimuli-
responsive properties of surface-immobilized I40 for bioconjugation, however, a low magnitude 
of change of charge transfer resistance was observed. Compared to previously reported data on the 
surface-immobilization and stimuli-response of I40, differences in reported charge transfer 
resistance values of over 5-10 kΩ are observed suggesting that further investigation and 
optimization is required to fully understand the influence EDC chemistry has on surface-
immobilized I40. Specifically, investigation is required to determine if  the EDC chemistry is 
potentially interfering with the thiol-gold interaction effectively decreasing the stability of I40 on 
the gold surface.  
A better understanding of how EDC chemistry interacts with surface-immobilized I40 is 
important to fully realize the potential of stimuli-responsive biosensors. The decrease in charge 
transfer resistance observed following EDC activation of the carboxylic acid containing C-
terminus of surface-immobilized I40 could be caused by either the formation of the positively 
charged intermediate or the removal of I40 from the electrode surface. To better understand the 
influence of EDC chemistry on surface-immobilized I40, specifically with the thiol-gold 
interaction, we proposed to use EDC chemistry to activate a surface modified with an alkyl-thiol 
not terminated in a carboxylic acid functional group, such as mercaptoethanol or 
mercaptopropanol.  
Without a carboxylic acid functional group present, the EDC reaction should not form a 
positively charged O-acylisourea intermediate, causing a decrease in charge transfer resistance as 
observed with surface-immobilized I40. Therefore, any decrease in charge transfer resistance after 
reacting with EDC could be attributed to disruption in the thiol-gold interaction and removal from 




it would indicate that EDC chemistry does not disrupt the thiol-gold interaction validating the 
observed decrease in charge transfer resistance following EDC activation of surface-immobilized 
I40 can be attributed to the formation of a positively charged intermediate.  
4.4.7. Bioconjugation of streptavidin to surface-immobilized I40   
 
Bioconjugation of streptavidin-Hz to surface-immobilized I40 was first investigated in 
two-steps by recording the impedance response after activating the carboxylic acid contain C-
terminus of I40 with EDC, as well as following incubation with streptavidin-Hz. The 
bioconjugation steps were investigated separately to ensure complete activation of surface-
immobilized I40 was achieved by EDC. Gold electrodes were first modified with I40 (N=3) using 
the optimized surface-immobilization protocol. Following activation with EDC the I40 modified 
electrodes were transferred into 0.05 mg/mL streptavidin-Hz in 0.1 M MES pH 6.0 T=4˚C for  t = 
1 hour. Streptavidin-Hz samples were prepared by combining 1 mL of 0.1 M MES pH 6.0 T=4˚C 
with 25 µL of reconstituted streptavidin-Hz at a concentration of 2.2 mg/mL resulting in a final 







Figure 4.10. Following EDC activation of surface-immobilized I40 to form O-acylisourea 
(Rct= 830 Ω, 903 Ω, and 618 Ω) an increase in charge transfer resistance is observed (Rct= 
3,780 Ω, 3,420 Ω, and 3,080 Ω) indicating formation of the hydrazone bond immobilizing 
streptavidin to the I40 modified electrode.  
Following activation of surface-immobilization I40 with EDC to form an O-acylisourea 
intermediate, an increase in charge transfer resistance is observed indicating hydrazone bond 
formation immobilizing streptavidin to the I40 modified electrode. The presence of streptavidin 
on the electrode surface would further hinder the accessibility of the ferri/ferrocyanide redox 
couple to the electrode surface. Reduced accessibility of the ferri/ferrocyanide redox couple to the 
electrode caused by the streptavidin would result in a decrease in the reaction kinetics of the 
oxidation-reduction reaction indicated by an increase in charge transfer resistance.  
The increase in charge transfer resistance observed following incubation of the surface-
immobilized I40 activated by EDC with streptavidin-Hz is a promising trend to support our 
bioconjugation method, however, the magnitude of the response was lower than expected. 




immobilization of streptavidin on the electrode surface would be expected to result in greater 
restriction of ferri/ferrocyanide to the electrode surface compared to I40. The current charge 
transfer resistance values observed after bioconjugation of streptavidin are lower in magnitude 
than the response immediately following surface-immobilization of I40.  
4.4.8. Streptavidin-Hz concentration  
 
To evaluate the influence of streptavidin concentration on bioconjugation, streptavidin-Hz 
samples were prepared by combining 1 mL of 0.1 M MES pH 6.0 T=4˚C with varying volumes 
streptavidin-Hz of (25-100 µL) after EDC activation of surface-immobilized I40. Higher 
concentrations of streptavidin-Hz are expected to produce higher charge transfer resistance values 
due to the increase in the blocking layer formed on the electrode surface correlated to the extent 
of streptavidin present.  
Gold electrodes were first modified with I40 (N=4) using the optimized surface-
immobilization protocol. The I40 modified gold electrodes were then exposed to streptavidin-Hz 
samples at concentrations varying from 25-100 µL in 50 mM EDC 0.1 M MES pH 6.0 T=4˚C for  
t = 1. Streptavidin-Hz samples were prepared by combining 1 mL of 50 mM EDC in 0.1 M MES 
pH 6.0 T=4˚C with 25, 50, 75, or 100 µL aliquots of reconstituted streptavidin-Hz at a 
concentration of 2.2 mg/mL streptavidin-Hz in MES. I40 modified gold electrodes were then 
exposed to streptavidin-Hz samples at concentrations varying from 25-100 µL in 50 mM EDC 0.1 












Figure 4.11. No increasing trend in charge transfer resistance was seen with concentration 
of streptavidin-Hz (Rct= 458 Ω, 595 Ω, 311 Ω, and 753 Ω). 
 No change in charge transfer resistance was observed with increasing concentration of 
streptavidin-Hz. Additionally, the magnitude in the charge transfer resistance following surface-
immobilization of I40 was much lower than expected. Following surface-immobilization of I40, 
all charge transfer resistance values were lower than Rct=10 kΩ compared to the previous 
reported average response of Rct(Avg)=14 kΩ, potentially contributing to the lack of significant 
response observed with changing concentration of streptavidin-Hz.  
4.4.9. Streptavidin reaction time 
 
To evaluate the influence on the impedance response, the streptavidin-Hz reaction time 
was varied from t = 1 hour–4 hours with longer reaction times expected to produce higher charge 
transfer resistance values due to the increase in the blocking layer formed on the electrode surface 
caused by the increased capability of streptavidin-Hz to bind with surface-immobilized I40 via the 




 Gold electrodes were first modified with I40 using the optimized surface-immobilization 
protocol modified to use an increased concentration of I40 due to the previously low magnitude 
charge transfer resistance values observed following surface-immobilization of I40. Gold 
electrodes were modified with I40 at a concentration of 0.05 mg/mL in 3.5 mM TCEP pH = 7.4 at 
T = 4˚C for t = 0.5 hours. The I40 modified gold electrodes were then exposed to streptavidin-Hz 
samples at reaction times of t = 1 hour, 2 hours, and 4 hours. Streptavidin-Hz samples were 
prepared by combining 1 mL of 0.1 M MES pH 6.0 T=4˚C with 25 µL of reconstituted 
streptavidin-Hz at a concentration of 2.2 mg/mL resulting in a final concentration of 0.05 mg/mL 












Figure 4.12. Recovery in the magnitude of charge transfer resistance values following 
surface-immobilization of I40 an increased polymer concentration was observed (Rct = 
80.06 kΩ, 72.8 kΩ, and 67.5 kΩ). No trend in charge transfer resistance was observed for 
increasing reaction time of streptavidin-Hz with surface-immobilized I40 activated by EDC 
(Rct = 19.1 kΩ, 16.9 kΩ, and 18.2 kΩ). 
There was no trend in charge transfer resistance observed with increasing reaction times of 




t = 1 hours. Therefore, increasing the reaction time would not improve the bioconjugation of 
streptavidin to surface-immobilized I40.   
4.4.10. Bioconjugation of streptavidin-Hz in MES buffer compared to PBS 
 
The changing environment conditions required for the bioconjugation reaction could 
influence the intermolecular and intramolecular interactions of surface-immobilized I40 
potentially masking functional groups of I40 hindering the efficiency of streptavidin-Hz 
bioconjugation. To evaluate the influence of the buffer composition on the streptavidin-Hz 
bioconjugation to surface-immobilized I40, the impedance response was compared using 
streptavidin-Hz samples in an MES buffer and PBS.  
Gold electrodes were first modified with I40 using the optimized surface-immobilization 
protocol before exposure to streptavidin-Hz samples in either an MES buffer or PBS. Streptavidin-
Hz samples were prepared by combining 1 mL of 0.1 M MES pH 6.0 T=4˚C or PBS pH 7.4 T=4˚C 
with 25 µL of reconstituted streptavidin-Hz at a concentration of 2.2 mg/mL resulting in a final 





















Figure 4.13. Bioconjugation of streptavidin-Hz to surface-immobilization I40 was not 
influenced by the buffer composition as indicated by the lack of difference in the charge 
transfer resistance values observed after bioconjugation of streptavidin-Hz in PBS (Rct= 
1.78 kΩ) compared to MES (Rct= 822 Ω).  
 Bioconjugation of streptavidin-Hz to surface-immobilized I40 was not significantly 
impacted by the buffer composition indicated by the lack of difference in charge transfer resistance 
values observed following bioconjugation in PBS (Rct= 1.78 kΩ) compared to MES (Rct= 822 Ω).  
4.5. Conclusions 
 
Preliminary results regarding the bioconjugation of streptavidin to surface-immobilized 
I40 were reported. Carbodiimide chemistry was used to activate the carboxylic acid containing C-
terminus of the surface-immobilized I40 to bioconjugate streptavidin to the modified electrode 
surface via hydrazone bond formation. The observed decrease in charge transfer resistance after 
EDC activation of the carboxylic acid containing C-terminus of surface-immobilized I40 
potentially indicates formation of the positively charged O-acylisourea intermediate. Additionally,  




preliminary results indicate limited and variable success in the bioconjugation of streptavidin 
requiring further investigation and characterization due to the inconsistent trends in charge transfer 





Chapter 5: Capture of biotinylated antibodies by surface-immobilized streptavidin  
 
Within this work, we reported on the progress on the use of surface-immobilized elastin-
like polymers (ELPs) as a stimuli-responsive biosensor for point-of-care detection of interleukin-
6 (IL-6). In the proposed design of a stimuli-responsive biosensor a surface-immobilized 








Figure 5.1. Proposed design of a stimuli-responsive biosensor included surface-
immobilized streptavidin-ELP bioconjugate to capture biotinylated antibodies for IL-6 
detection and quantification. 
Without complete optimization and validation of the bioconjugation of streptavidin to 
surface-immobilized I40, only preliminary investigation and characterization of the capture of 
biotinylated antibodies was achieved. Further optimization of the bioconjugation of streptavidin 
to surface-immobilized I40 is required to ensure the successful capture of biotinylated antibodies 
by streptavidin. Improvements in this biosensor technology is important, especially due to the 
current limitation of direction cytokine sensing technologies, especially for IL-6. Realization of a 
stimuli-responsive biosensor for IL-6 detection could have significant impacts due to the 
prevalence of IL-6 as a potential biomarker for inflammation-based diseases.   
5.1. Biosensor technology for detection of interleukin-6  
 
Currently, direct analysis of IL-6 in biofluids is frequently achieved using 
immunohistochemistry with an enzyme-linked immunosorbent assay (ELISA), one of the most 




used analytical biochemistry assays using antibodies to detect the presence of a protein within a 
sample. An ELISA is frequently used due to the proven capability of high sensitivity and 
selectivity, however, detection of IL-6 using an ELISA is time consuming and expensive with the 
average cost per ELISA kit of $500-800 and average analysis time of last over 24 hours due to the 
various washing and incubation steps.138,139  
More frequently, clinical evaluation of IL-6 is not often achieved through direct detection 
and quantification, instead, the acute phase protein C-reactive protein (CRP) is used as a surrogate 
biomarker for IL-6. The production and release of CRP by the liver correlates in intensity to 
changes in IL-6 concentration. Use of CRP as a surrogate biomarker for IL-6 is a widely accepted 
as standard practice, including use in the clinical trials TOWARD (NCT00103574) and 
AMBITION (NCT00109408) investigating use of tocilizumab, a monoclonal antibody therapy 
targeting the IL-6 receptor, for treatment of rheumatoid arthritis.140,141 Siltuximab, a monoclonal 
antibody targeting IL-6, was investigated as a treatment for metastatic renal cell carcinoma in a 
Phase I/Phase II clinical trials using CRP as a surrogate biomarker for IL-6.142  
Improvements in biosensor technology will improve point-of-care analysis of 
proinflammatory cytokines such as IL-6 to develop a robust understanding of their role in  
dysregulation of the inflammatory response. The current practice of using CRP as a surrogate 
biomarker for IL-6 restricts the ability to fully understanding of the role IL-6 plays in the 
dysregulation of the inflammatory response. Therefore, improvements in biosensor technology are 
important to better understand the role IL-6 plays in the complex signaling network associated 
with the dysregulation of the inflammatory response. Direct detection and quantification of IL-6 
as a biomarker for inflammation can also help researchers develop more effective therapeutics 




5.2. Materials and Methods  
 
Within this chapter are preliminary data regarding the capture of biotinylated antibodies by 
surface-immobilized streptavidin-ELP bioconjugate, as such, the experimental protocols are 
unfinalized requiring further optimization and validation. Included within the materials and 
methods is general information describing the experimental technique and parameters including a 
more detailed description of each experiment within the results and discussion.  
5.2.1. Electrochemical Impedance Spectroscopy  
 
Impedance response was measured using the same three-electrode array setup with an 
electrochemical cell previously defined in Chapter 2 comprised of a platinum wire counter 
electrode, Ag/AgCl reference electrode, and a modified gold working electrode submerged in a 10 
mM ferri/ferrocyanide [Fe(CN)6] 
3-/4- redox couple solution. 
5.2.2. Surface-immobilization of I40   
 
Prior to characterization of the stimuli-response, gold electrodes were modified using the 
previously discussed and optimized I40 surface-immobilization protocol from Chapter 2. Gold 
electrodes were polished prior to modification with I40 then transferred into a ferri/ferrocyanide 
redox couple solution to measure the impedance prior to stimuli-response characterization. 
5.2.3. Bioconjugation of streptavidin to surface-immobilized I40   
 
First activation of the carboxylic acid containing C-terminus of I40 was achieved using 
EDC to bioconjugate hydrazide functionalized streptavidin (streptavidin-Hz) to surface-
immobilized I40. 50 mM EDC in 0.1 M MES buffer pH 6.0 at T=4˚C was mixed with 25 µL 




streptavidin to surface-immobilized I40. Streptavidin-Hz was reconstituted at a concentration of 
2.2 mg/mL in 0.01 M sodium phosphate with 0.15 M sodium chloride pH 7.2 at T=4˚C.  
Bioconjugation of streptavidin to surface-immobilized I40 occurs in a one-step process, by 
mixing streptavidin-Hz and EDC to allow for the simultaneous activation of the carboxylic acid 
containing C-terminus of surface-immobilized I40 and in situ hydrazone bond formation. In the 
development and optimization of a bioconjugation protocol for streptavidin, bioconjugation was 
first explored as a two-step process to separately characterizing the impedance changes associated 
with EDC activation of the C-terminus and bioconjugation of streptavidin-Hz to surface-
immobilized I40. 
5.2.4. Capture of biotinylated antibodies by surface-immobilized streptavidin-I40 
  
The capture of biotinylated antibodies for IL-6 was characterized following bioconjugation 
of streptavidin to surface-immobilized I40. Following bioconjugation, the modified electrodes 
were transferred into PBS pH 7.4 at T=4˚C containing biotinylated monoclonal antibodies (mAbs) 
targeting IL-6 at a concentration of 0.0125 mg/mL for t = 1 hour before recording the impedance 
response.  
5.3. Results and Discussion  
 
A two-step bioconjugation method was first used in the characterization of streptavidin 
capture of biotinylated antibodies. Surface-immobilization of I40 was achieved using the modified 
protocol using an increased I40 concentration of 0.1 mg/mL 3.5 mM TCEP pH 7.4 at T = 4˚C for 
t = 0.5 hours. The impedance response was then recorded following activation of the carboxylic 
acid containing C-terminus of surface-immobilized I40 with 50 mM EDC in 0.1 M MES buffer 




immobilized I40 at a concentration of 0.05 mg/mL in 0.1 M MES buffer pH 6.0 T=4˚C for t = 1 
hour. Finally, the modified surface was used to capture biotinylated antibodies for IL-6 at a 













Figure 5.2. The capture of biotinylated antibodies by surface-immobilized streptavidin-I40 
resulted in a decrease in charge transfer resistance (ΔRct= 59.9 kΩ).  
After reacting surface-immobilized I40 (Rct= 90.6 kΩ) with EDC, a decrease in charge 
transfer resistance is observed (ΔRct= 53.1 kΩ) indicating the formation of the O-acylisourea 
intermediate by EDC (Rct= 37.5 kΩ), as previously discussed. Streptavidin-Hz bioconjugation 
resulted in an increase in charge transfer resistance (ΔRct= 40.21 kΩ) consistent with the hydrazone 
bond formation successfully bioconjugating streptavidin to surface-immobilized I40, further 
blocking access of the ferri/ferrocyanide redox couple to the electrode surface.  
Capture of biotinylated antibodies by surface-immobilized streptavidin-I40 resulted in a 
decrease in charge transfer resistance (ΔRct= 27.41 kΩ). An increase in charge transfer resistance 




streptavidin-I40 caused by the addition of biotinylated antibody to the electrode surface increasing 
the blocking layer, further restricting access of the ferri/ferrocyanide redox couple to the electrode 
surface.  
The observed decrease in charge transfer resistance could be indicative of the unsuccessful 
bioconjugation of streptavidin to surface-immobilized I40. If streptavidin did not successfully bind 
to the activated C-terminus of surface-immobilized I40, any increase in charge transfer resistance 
previously observed could be attributed to non-specific physisorption of streptavidin. With non-
specifically bound streptavidin present on the electrode surface, biotinylated antibodies can 
complex with the non-specifically bound streptavidin and remove it from the electrode surface 
resulting in the observed decrease in charge transfer resistance. The potential evidence of non-
specifically bound streptavidin on the electrode surface supports the requirement of further 
characterization and optimization of the bioconjugation of streptavidin to surface-immobilized 
I40.  
The capture of biotinylated antibodies by streptavidin was further investigated using a one-
step bioconjugation method. Gold electrodes (N=2) were modified with I40 using the modified 
surface-immobilized protocol with I40 at a concentration of 0.1 mg/mL in 3.5 mM TCEP pH 7.4 
at T=4˚C for t = 0.5 hours. Activation of the carboxylic acid containing C-terminus of surface-
immobilized I40 was simultaneously achieved with hydrazone bond formation using 50 mM EDC 
combined with streptavidin-Hz at a concentration of 0.05 mg/mL in 0.1 M MES buffer pH 6.0 
T=4˚C for t = 1 hour. The impedance response was then recorded before capture of biotinylated 















Figure 5.3. The capture of biotinylated antibodies by surface-immobilized streptavidin 
resulted in a small increase in charge transfer resistance (ΔRct= 5.0 kΩ) indicating minimal 
interaction between the antibodies and electrode surface. 
The capture of biotinylated antibodies by surface-immobilized streptavidin resulted in a 
minor increase in charge transfer resistance (ΔRct= 5.0 kΩ), indicating a lack of significant 
interaction between the biotinylated antibodies and streptavidin. A greater increase in charge 
transfer resistance would be expected with the increase in blocking layer on the electrode surface 
associated with the capture of biotinylated antibodies, due to the decreased accessibility of the 
ferri/ferrocyanide redox couple to the electrode surface.  
The insignificant change in charge transfer resistance observed further supports the 
requirement in optimization of streptavidin bioconjugation to surface-immobilized I40. Improved 
efficiency of the bioconjugation process could increase the amount of streptavidin bioconjugated 
to the surface, increasing the number of biotinylated antibodies captured on the biosensor surface 




Following the same bioconjugation protocol as reported in Figure 5.3, the capture of 
biotinylated antibodies by surface-immobilized streptavidin-I40 was duplicated with a separate 












Figure 5.4. The capture of biotinylated antibodies by surface-immobilized streptavidin-I40 
resulted in a decrease in charge transfer resistance (ΔRct= 59.9 kΩ).  
Following bioconjugation of streptavidin to surface-immobilized I40 (Rct= 97.9 kΩ), a 
decrease in charge transfer resistance (ΔRct= 59.9 kΩ) was observed after exposing the modified 
electrode surface to biotinylated antibodies for IL-6 (Rct= 38.0 kΩ). The decrease in charge transfer 
resistance observed could be indicative of non-specifically bound streptavidin being removed from 
the electrode surface by the biotinylated antibodies suggesting the unsuccessful bioconjugation of 
streptavidin to surface-immobilized I40.  
5.4. Conclusions 
 
Preliminary data characterizing the capture of biotinylated antibodies by surface-




optimization and validation of the bioconjugation of hydrazide functionalized streptavidin 
(streptavidin-Hz) to surface-immobilized I40, full realization of the capabilities of surface-
immobilized I40 as a biosensor was not achieved. In progressing towards the development of a 
stimuli-responsive ELP biosensor, various steps were achieved in the preliminary validation of 
surface-immobilized I40 for biosensor application.   
First, a reproducible surface-immobilization protocol for I40 on gold was developed and 
successfully characterized using electrochemical impedance spectroscopy (EIS). Validation of the 
thiol-gold interaction immobilizing I40 on the electrode surface was validated by comparing the 
impedance response following immobilization of a second polymer I40-Blocked containing a 
modified cysteine residue. Following surface-immobilization of I40-Blocked, no increase in 
charge transfer resistance is observed indicating a lack of interaction between I40-Blocked and the 
gold electrode validating the interaction between I40 and the gold electrode occurs via the thiol-
containing cysteine residue. Emphasis on surface modification reproducibility is important to 
ensure the development of sensitivity and selective biosensor technology.   
The stimuli-response of surface-immobilized I40 was then characterized using EIS by 
recording the impedance response after exposing the modified electrodes to varying molarities of 
sodium chloride (NaCl). EIS was used to validate the model of the stimuli-response of surface-
immobilized ELPs as extension and collapse. An increase in charge transfer resistance was 
observed after exposing surface-immobilized I40 to high molarity salt environments consistent 
with the hypothesis of collapse characterized by increased intermolecular and intramolecular 
interactions within the hydrophobic regions of the ELPs blocking access the ferri/ferrocyanide 




Reversibility of the stimuli-response of surface-immobilized I40 was demonstrated by the 
respective increase or decrease associated with collapse or extension of surface-immobilized ELPs 
following exposure to high or low molarity salt environments. Additionally, when exposed to 
varying molarity of sodium chloride (0.5 M – 3.0 M NaCl) intermediate charge transfer resistance 
values were observed indicating surface-immobilized I40 undergoes transient stimuli-states 
between the minima and maxima of extension and collapse.  
Further progress on the development of a stimuli-responsive ELP biosensor was achieved 
by the bioconjugation of streptavidin to surface-immobilized I40. Preliminary data supports the 
current carbodiimide bioconjugation approach of streptavidin-Hz to surface-immobilized I40, 
however, stability of the modified electrode surface and inconsistencies in the impedance response 
prevent full validation. The lack of successful bioconjugation of streptavidin to surface-
immobilized I40 is further supported by the inconclusive impedance data obtained following the 
capture of biotinylated antibodies by surface-immobilized streptavidin-ELP bioconjugates.  
A major obstacle in the progression of surface-immobilized I40 as a stimuli-responsive 
biosensor is the bioconjugation of streptavidin. Currently, promising data supports the current 
carbodiimide mediated bioconjugation methods, however, inconsistencies in the results prevent 
full validation and optimization of this approach. As such, we proposed to use the same 
carbodiimide mediated approach to bioconjugate streptavidin to an alkyl-thiol modified surface 
compared to I40.  
11-Mercaptoundecanoic acid (11-MUA) can be used to modify gold, forming a monolayer 
on the electrode surface terminated in carboxylic acid groups. Using the same bioconjugation 
approach, EDC will be used to activate the carboxylic acid group of 11-MUA to form a positively 




bioconjugation steps of 11-MUA modified gold can then be compared to I40, verifying if the 
associated changes follow the same trend. Bioconjugation experiments using 11-MUA can help to 
determine if the root cause of the variability associated with the bioconjugation of streptavidin is 
associated with I40 specifically or the bioconjugation approach.  
The results obtained from the bioconjugation of streptavidin to 11-MUA can help decide 
if further investigation of the current bioconjugation approach of streptavidin to surface-
immobilized I40 is required or if or biosensor redesign should be explored. Alternative biosensor 
designs include a stimuli-responsive ELP biosensor using surface-immobilized ELP-fusion 
proteins expressed directly using recombinant DNA methods, as to not require any ELP 
bioconjugation following surface-immobilization. Additionally, direct bioconjugation of surface-
immobilized I40 to antibodies could be explored, however, the benefits of streptavidin mediated 
capture of biotin would be sacrificed, including improved sensitivity and steric interactions on the 
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